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ABSTRACT
In the ablation zone of land terminating sectors of the Greenland Ice Sheet (GrIS), water
pressures at the bed control ice motion variability on diurnal and seasonal timescales. During
the melt season, large volumes of surface meltwater access the ice-bed interface through moulins.
Moulins are large vertical shafts that connect the supraglacial and subglacial drainage systems.
Moulins form when a crevasse intersects a surface meltwater source that can drive hydrofracture
to the bed of the ice sheet. Upon reaching the bed, meltwater can establish and sustain an efficient,
channelized drainage system. Due to the technical impossibility of physically exploring underwater
passages beneath the GrIS, the subglacial drainage system must be studied through geophysical
methods. To date, measurements of water level variability within moulins and boreholes have
proved to be critical for constraining models. However, direct hydrologic measurements from the
GrIS are sparse, due to the remoteness and harsh conditions of the ice sheet.
The work presented in this dissertation combines simple physically based mathematical
models with direct measurements from the ablation portion of Sermeq Avannarleq, in west Greenland to advance our understanding of the influence of moulin geometry and life span on glacier
dynamics.
In Chapter 2, I investigate the moulin life cycle within several neighboring surface catchments within the GrIS ablation zone. A combination of remote sensing and ground observations
of moulin locations over two to three years reveals an annual pattern of systematic formation and
abandonment of moulins after they are advected down-glacier. In Chapter 3, I use a modified single conduit model to explore the role of moulin shape and size on hydraulic head variability within
moulins. This model shows that only the englacial storage capacity within the range of water level
fluctuations affects the oscillation range of moulin hydraulic head, which controls subglacial chan-

nel water pressure dynamics. Further, the model shows that depth-varying changes in englacial
water storage control the temporal shape of the head oscillations. Finally, in Chapter 4, I simulate
the moulin water level variability in a moulin we instrumented in 2017-2018 using the recently
developed Moulin Shape (MouSh) model. The MouSh model requires additional subglacial baseflow to simulate an accurate diurnal range of head oscillation. We hypothesize that this additional
baseflow is the result of strong network connectivity with other moulins through a channelized
subglacial drainage system, potentially supplemented by basal or non-local, upstream inputs.
Additional work is necessary to accurately characterize moulin positions and life cycles,
and to determine whether the observed annual formation and abandonment is widespread. Such
characterization would improve the simulation of moulin inputs in models. In addition, further
knowledge of the shape of moulins around the equilibrium head elevation would improve englacial
storage parameterization in subglacial hydrological models and aid predictions of coupling between
meltwater and ice motion under future melt scenarios. Finally, this work suggests that the connectivity of the subglacial network needs further study, to improve our understanding on how local
and non-local drivers influence subglacial water pressures and ice sliding.
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Introduction

Water flowing inside and underneath the Greenland Ice Sheet (GrIS) drives water pressure
variations at the ice sheet’s bed, modifying basal traction and modulating sliding speeds. Current
models used to predict future ice sheet contributions to sea level do not consider the influence of
melting on ice dynamics. However, poor understanding of the complex relationship between water
pressure and ice motion limits our ability to accurately predict future mass loss in response to
continued warming. One of the most understudied and important features of the glacial hydrologic
system are moulins, vertical shafts that serve as the main pathway for surface melt water to reach the
bed. Moulins are understudied due to their remote locations and difficulty in instrumenting them.
This research aims to further our understanding of moulins and their role in the glacial hydraulic
system over seasonal and multi-year timescales.

1.1

Motivation

The Greenland Ice Sheet (GrIS) is suffering from negative mass balance at an accelerated
rate due to climate change (Shepherd et al., 2020). In land terminating areas of the GrIS, the rate
of mass loss is influenced by meltwater production that infiltrates through crevasses and moulins
(Benn & Evans, 2010). Predictions of sea level rise strongly rely on our ability to understand the
hydrogeology of glaciers. The ice contained in the GrIS is equivalent to approximately 7.4 m of
sea level rise (Morlighem et al., 2017). An increase in Arctic temperatures since 1990 (Hanna et
al., 2008) has caused the GrIS to lose mass at an accelerating rate. During the early 1990’s the
GrIS had a slightly positive mass balance and was stable (Bamber et al., 2018). However, since
then the GrIS has transitioned to a negative mass balance regime (i.e., losing mass), at increasing
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magnitudes through present day (Rignot et al., 2011; van den Broeke et al., 2009). Since 2003,
the GrIS has contributed an average of 0.8 mm/yr to sea level (Moon et al., 2018). Importantly,
models indicate the GrIS will continue to lose mass throughout the duration of the century, albeit
with significant uncertainties.
The ice motion is controlled by a combination of ice deformation and basal sliding. In the
Pâqitsoq region of the GrIS, basal sliding occurs year round and increases during the melt season
due to the infiltration of surface melt to the bed through moulins. This infiltration of water lubricates
the bed and reduces the basal traction, increasing basal sliding and hence the ice motion.
Moulins are crucial to understand the dynamic of the subglacial drainage system because
they transport supraglacial meltwater to the ice sheet’s bed, store water on short or long time scales,
and are direct windows for monitoring subglacial water pressures. The location of moulins controls
the discrete input of surface water to the bed. The spatial (Banwell et al., 2016) and temporal
(Schoof, 2010) variability of supraglacial meltwater inputs impacts sliding speeds and controls
seasonal ice deceleration. The location, volume, and timing of meltwater infiltration into moulins
controls local and regional ice motion.
Accurate prediction of how fast the GrIS is going to melt under different climate change
scenarios depends on the accuracy of glacier hydrology models simulating the impact of surface
melt on the ice motion. Englacial and subglacial hydrology are not yet considered by ice sheet models used to project future sea level rise. Specifically, moulin geometry, density, and position, and
the influence on basal water pressure variability on ice motion are still poorly understood. For example, models that simulate moulins in the glacial hydrologic system assume a cylindrical moulin
shape (Banwell et al., 2016; Covington et al., 2020; Schoof, 2010; Werder et al., 2010) and hence
that the englacial void fraction is constant along the glacier profile. However, exploration of the
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upper part of moulins demonstrated that moulins are likely not cylindrical. Consequently, in this
dissertation, I explore how a range of moulin shapes can influence basal water pressure fluctuations
by expanding upon a single conduit-reservoir model (Covington et al., 2020). In another chapter,
I simulate an instrumented moulin with the newly developed Moulin Shape (MouSh) model (Andrews et al., 2021) where the moulin’s shape is modified through time by meltwater inputs and ice
deformation. For this project, I visited the Glacier Modeling Lab at the University at Buffalo with
Kristin Poinar, and coupled the MouSh model with the single conduit model. In my final chapter, I
identified patterns of moulin formation by analysing yearly moulin position and orthophotos from
the field.
Below I provide a brief background detailing glacial hydrology to put the work presented
within this dissertation into context. I then describe our field site in western Greenland where we
instrumented several moulins. Finally, I provide a brief outline of the manuscript.

1.2

Greenland Ice Sheet hydrology

Glacier hydrology can be divided into three main compartments: supraglacial, englacial
and subglacial. Supraglacial processes encompass the production of meltwater at the surface, the
surface routing and storage until water eventually exits the supraglacial drainage system by flowing into moulins or crevasses, or over the ice sheet’s margin. Englacial and subglacial processes
that drain meltwater towards the ocean are influenced by the location, volume, and timing of the
supraglacial meltwater inputs (Banwell et al., 2016; Schoof, 2010).
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Figure 1.1: Illustration of a land terminated glacier from Nienow et al. (2017).
1.2.1

Supraglacial drainage system
The supraglacial system represents the upper portion of the glacier directly affected by

the weather and climate and where meltwater is produced, stored and/or routed towards moulins,
crevasses or the glacier outlet. Supraglacial water comes from daytime melting of snow and ice,
night saturated slush and crust flow, channel bed melting, liquid precipitation, and spillover from
supraglacial lakes, water-filled moulins and crevasses (Marston, 1983). The water is then transported through rills or the weathering crust (Cooper et al., 2016) towards the streams. Most of the
available water comes from melting, therefore, discharge hydrographs in moulins have pronounced
diurnal cycles that are similar to supraglacial stream hydrographs (Knighton, 1981; Muthyala et al.,
2020).
The precise volume of meltwater reaching the bed of the GrIS and its spatial distribution
are not well constrained. More accurate estimates would lead to a better understanding of the subglacial pressure field that controls ice motion. Discharge data in supraglacial streams is limited,

4

due to the challenge of deploying durable discharge measurement equipment to monitor rapidly
evolving supraglacial streams (Knighton, 1981). Except for short duration data sets, supraglacial
discharge (and water infiltration to the bed) is usually estimated with surface melt models (Yang and
Li, 2014) that are known to overestimate discharge (Smith et al., 2017). Discharge overestimation
is explained by storage processes at the surface and subsurface (Smith et al., 2017) or by infiltration
through crevasses (McGrath et al., 2011). Supraglacial discharge modeling using physically based
distributed routing models is strongly underrepresented (Arnold et al., 1998). Consequently, to
accurately represent moulin pressure variability, simultaneous measurements of supraglacial discharge into moulins is essential.

1.2.2

Englacial drainage system: Moulins
The englacial system connects the supraglacial and subglacial systems. Water can be stored

englacially in fractures and moulins (Gulley et al., 2012). Moulins are sub-vertical shafts draining
supraglacial water to the subglacial system at the bottom of the glacier. The water level within
moulins allows the direct measurement of hydraulic head within the most connected parts of the
subglacial drainage system. Moulin hydraulic head has been studied since the 19th century (Andrews et al., 2014; Gilbert, 1906; Iken, 1972; Röthlisberger, 1972; Vallot, 1898), although quite
scarcely due to the difficulties and danger in accessing and monitoring them in the field. Moulins
can give precious information to understand how surface meltwater infiltration influences sliding
speeds. Many assumptions are made regarding the function of the drainage system over a season,
inferred from tangential data sets. Meltwater is calculated using parameters such as temperature,
insolation, and ice surface albedo, but these parameters do not represent exactly how much water
enters the system through moulins or crevasses. The fluctuations of the water level at the bed are
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deduced from the calculated meltwater and are compared to the ice motion calculated via direct
measurements on the ice or via satellite imagery, and very few studies use moulins as a source of
information regarding the dynamics of the bed. As a result, the influence of the fluctuation of the
meltwater infiltration over ice motion is still incompletely understood.

Figure 1.2: Maps of the three know explored moulins in the GrIS. Isortoq moulin was explored in
1993 and 1994 by Reynaud and Moreau (1994), and later Phobos and Foxx Moulins were explored
by Covington et al. (2020) in 2017 and 2018.

Moulins on the GrIS are created by the hydrofracture of pre-existing crevasses, while in
other settings moulins can also be formed by exploiting debris bands or by stream channel cut-andclosure (Gulley et al., 2009), which could occur closer to the margin. Moulins are visibly present
on bare ice in the ablation zone of the GrIS but are also potentially present where obscured by snow
or located under firn aquifers (Poinar et al., 2017). The geometry of moulins below the water line is
unknown. The few clues about the shape of moulins comes from limited exploration and mapping
of the dry portion of moulins in temperate glaciers (Gulley et al., 2009; Holmlund, 1988; Vallot,
1898; Vatne & Irvine-Fynn, 2016) and in Greenland (Covington et al., 2020; Reynaud & Moreau,
1994), see Figure 1.2. They have also been examined using geophysical methods on cold and
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temperate glaciers (Aso et al., 2017; Catania et al., 2008), and with surface observations or remote
sensing to determine moulin position and density (Hoffman et al., 2018; Phillips et al., 2011; Yang
& Smith, 2016).

1.2.3

Subglacial drainage system
The subglacial drainage is an active system, evolving over time and can be described as

consisting of channels and cavities, with channels representing the efficient portion of the drainage
and cavities the inefficient portion. During the early part of the melt season, the drainage system
is quite inefficient and gets rapidly overloaded, raising the water pressure in the ice sheet and lowering the effective pressure. Efficiency of the channels increases by enlargement of the conduits
(Andrews et al., 2014; Banwell et al., 2016; Hoffman et al., 2016; Schoof, 2010; Sole et al., 2013).
Some studies suppose that, as the channelization becomes more efficient, the water pressure drops,
enhancing effective pressure, causing the creep closure of the conduits and therefore a deceleration
of the ice movement (Banwell et al., 2016; Schoof, 2010). However, Andrews et al. (2014) demonstrated that even if the channelization gets more efficient, water pressure in the channelized part of
the bed stays constant. They attribute deceleration to the lowering of water pressure in the weakly
connected part of the bed due to an increase in the connectivity (Andrews et al., 2014; Hoffman
et al., 2016).
In Figure 1.3, Davison et al. (2019) summarized the conceptual parts of the subglacial
drainage system. The existence of the subglacial drainage system has been established, but multiple
configurations for the subglacial channels underneath the GrIS have been hypothesised. Röthlisberger channels (Röthlisberger, 1972) are the subglacial channel type used in most models simulating water levels in Greenland. They form by the melting of the ice by the turbulent flow of water,
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Figure 1.3: Conceptual drawing of the different components of the subglacial drainage system
from Davison et al. (2019).
and they are considered to creep closed at the end of the melt season. However, it is not impossible
that other types of channels are present underneath the ice sheet, especially in areas with subglacial
till (Dow et al., 2013), or in areas with persistent subglacial flow (Andrews, 2015).
Because moulins draining streams or lakes are the only sufficient input that can initiate and
sustain an subglacial channel (Werder et al., 2013), knowledge about the geometry, the density,
and the recurrence is essential to characterize the efficient subglacial system.

1.3

Field sites

For the Moulin and Velocity Experiment (MoVE) project field work took place in 2017
and 2018, during the melt season (July and August), on the Sermeq Avannarleq in the Pâqitsoq in
Greenland (Fig. 1.4). We measured water pressures in four moulins (Mejia et al., 2020c), measured stream discharge in six supraglacial streams, recorded the ice motion at seven positions with
GNSS provided by UNAVCO (Mejia et al., 2020a), and recorded weather data at both our “Low
Camp” and “High Camp” (Mejia et al., 2020b). In 2018, Timothy Bartholomaus from the Univer-
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sity of Idaho joined our team and we measured the sismic activity at eight locations. There were
two PhD students on the project. My role in the project was geared toward modeling, while my
colleague Jessica Mejia was working primarily with the field data we collected (Mejia, 2021). For
my dissertation, I utilize mainly the moulin water level and supraglacial stream discharge of one
of the moulins at Low Camp (named JEME), as well as the Low Camp weather data and some of
the records of the ice motion.

Moulin
GNSS
Sismic
Camp

Figure 1.4: Location of the study areas (red rectangles) and position of moulins and instruments in
the Pâqitsoq region on the GrIS. Imagery: QGreenland, Sentinel-2 multispectral satellite imagery
from 2019 (MacGregor et al., 2020). Metric coordinates CRS: EPSG:3413 - WGS 84 / NSIDC Sea
Ice Polar Stereographic North, Degree coordinates CRS: EPSG:4326 - WGS 84

The two camps were positioned at two different altitudes on the glacier. Low Camp was
situated around 800 m, while High Camp was situated around 900 m. The topography of the two
camps was quite different. At Low Camp (Fig. 1.5a), the ice gradient was steeper, with a lot of large-
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and small-scale relief, enabling us to always have our tents out of the water. On the other hand,
the High Camp area (Fig. 1.5a) was flatter, without much small-scale relief, with water tending
to pond more. Streams were smaller and more numerous at Low Camp, and streams tended to be
more sparse at High Camp, but much larger. There were large lakes at High Camp, but none at Low
Camp. From one year to the other, the surface topography was quasi identical at Low Camp, with
streams flowing in the same stream bed as the previous year, and keeping the same bend shapes.
On the other hand, the High Camp area stream location was substantially reorganized (see Mejia
(2021)), to the point of preventing us from accessing some of the equipment installed the previous
year.
(a) Low camp

(b) High camp

Figure 1.5: Pictures of the camp areas.

1.4

Outline of the manuscript

My dissertation is composed of three bodies of work exploring through both field observations and modeling how moulin geometry and life cycle influence the subglacial drainage system
dynamics.
In Chapter 2, I demonstrate with a unique combination of field observations and remote
sensing that moulins can systematically reform every year, several tens of meters upstream of the
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moulin from the previous year, and that their density might be underestimated. This finding could
have implications for the modeling of ice temperatures and for the coupling of hydrology inside
ice sheet models. This chapter is intended for publication in a glacier hydrology journal later this
year.
In Chapter 3, I adapted a 1D moulin model composed of a cylindrical reservoir coupled
with an evolving subglacial channel (Covington et al., 2012; Covington et al., 2020) to evaluate the
impact of a variety of fixed moulin shapes on the subglacial pressure dynamics in the channelized
system. This chapter is currently in revision after initial review at the Journal of Geophysical
Research - Earth Surface, and re-submission is expected August 2021.
In Chapter 4, I identified the necessity to consider additional subglacial water input to enable
accurate simulation of moulin water levels that we measured in the field in 2017. This work is the
fruit of a modeling collaboration during my time as a visiting student at the University at Buffalo,
hosted by Kristin Poinar. During this time, I coupled the subglacial channel model (Covington et
al., 2020) I used in Chapter 3 with an evolving moulin shape model (MouSh) developed by Kristin
Poinar and Lauren Andrews and described in Andrews et al. (2021). This chapter has been prepared
for submission for The Cryosphere and is expected for submission September 2021.

1.5
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2

Moulin life cycle

FIELD OBSERVATIONS REVEAL SHORT MOULIN LIFE SPANS ON THE PÂKITSOQ
REGION IN GREENLAND

2.1

Abstract

On the Greenland Ice Sheet, moulins provide a path for supraglacial meltwater to access
the bed and modify subglacial water pressures that control sliding. Recent climate warming has
increased surface melt on the Greenland Ice Sheet. To understand the effect of increased melt in
lubricating the bed, it is critical to assess the role of moulins. Due to the remoteness of moulins,
most identification has been performed using remote sensing, which is limited by pixel resolution
and inaccurate georeferencing. Here, we couple satellite imagery with ground observations, fieldacquired drone orthophotos, and moulin water level measurements, spanning two to three years to
analyse the pattern of formation and abandonment of moulins within the Pâkitsoq region of Sermeq
Avannarleq. The precise georeferencing of our imagery combined with ground observations reveal
an annual pattern of systematic formation and abandonment of moulins after they are advected
down-glacier.

2.2

Introduction

On glaciers and ice sheets, moulins provide surface-to-bed connections that allow meltwater to influence basal pressures and sliding velocities (Iken & Bindschadler, 1986). Accordingly,
we must understand the role of moulins to predict how Greenland Ice Sheet (GrIS) ice-dynamics
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will respond to future warming (Flowers, 2018). Currently, moulins are understudied due to the
challenges in accessing them.
Inland on the Greenland Ice Sheet, moulins are presumed to be vertical shafts usually created by hydrofracture (Das et al., 2008) that propagates to the bed due to a large and/or constant
input of surface water. Moulins can form in both compressional and extensional ice flow regimes
(Chu et al., 2015; Poinar & Andrews, 2021). Extensional flow can form crevasses, which can capture a stream and propagate the water-filled crevasse to the bed. On the other hand compressional
environments enable water to be collected in stream and lakes, which is a key component of the
establishment and longevity of a moulin. When the ice flows over the bed topography it transfers
the bed relief to the ice surface (Crozier et al., 2018; Karlstrom & Yang, 2016). Compressional and
extensional flow regimes are similarly caused by the flow of the ice over the bed. Gudmundsson
(2003) found that relief is usually best transfered to the ice surface for bed features with a wavelength of 3 to 8 times the ice thickness. Therefore, kilometer scale troughs and ridges on the ice
in our area are geographically fixed over time. Smaller relief on the ice surface is instead related
to differential melting or pre-existing features and is advected with the ice motion (Crozier et al.,
2018; Karlstrom & Yang, 2016; Lampkin & VanderBerg, 2011).
Smith et al. (2015) and King (2018) classified four types of moulin environments (1) crevasse
field, (2) shear fracture, (3) drained lake, (4) undetermined. Crevasse field or shear fracture moulins
are usually found downglacier from a compressional zone, when the ice sheet encounters a bump
in the bed that produces extensional stresses. Drained lake moulins (Banwell et al., 2016; Poinar
& Andrews, 2021; Stevens et al., 2015), moulins with no apparent surface fractures (Hoffman
et al., 2018), or moulins located within a compressional environment likely formed during periods of transient tensile stress. Those stresses are produced by downstream ice velocity increases
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(Christoffersen et al., 2018), or by upstream lake drainages producing a cascading effect (Hoffman
et al., 2018; Stock, 2020) enabling the initiation of a moulin that will persist throughout the season
due to the melting of the moulin walls.
While moulins and other englacial features in thinner glaciers have been explored and studied for some time now (Aso et al., 2017; Badino et al., 2001; Gulley et al., 2009; Holmlund,
1988; Iken & Bindschadler, 1986; Piccini et al., 2015; Reynaud, 1987; Vallot, 1898; Vatne &
Irvine-Fynn, 2016), field observations (Catania et al., 2008; Thomsen et al., 1989), instrumentation (Andrews et al., 2014; Chandler et al., 2021; Mejia et al., 2021), and mapping of the upper
part of moulins (Covington et al., 2020; Reynaud & Moreau, 1994) on the Greenland Ice Sheet are
sparse. This is because moulins stay water filled year round on the inland portion of the Greenland
Ice Sheet, preventing deep englacial or subglacial exploration. Furthermore, accessing moulins
is difficult and expensive, owing to the requirement of helicopter transportation which limits the
frequency of ground observation or instrumentation of moulins from the surface.
The position, distribution, and volume of meltwater discharge into moulins are important
parameters in glacier and ice sheet models. Banwell et al. (2016) found that moulin density influences the timing of subglacial drainage system evolution, with higher moulin densities causing
a earlier onset of subglacial channelization. With ground penetrating radar, Catania et al. (2008)
found that moulin density increased where the ice thinned; however Poinar and Andrews (2021)
found that strain rate was not a good indicator of moulin formation. The limited number of ground
observations means most studies have relied on determining moulin position and density using
remote sensing (Hoffman, 2018; Joughin et al., 2013; Phillips et al., 2011; Smith et al., 2017).
However, remote sensing observations are two dimensional observations limited by the pixel resolution of the satellite imagery. In addition, the poor accuracy of satellite imagery georeferencing on
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the ice sheet due to the lack of fixed ground points (Menio et al., 2017), limits yearly comparison
of moulin identification.
Moulins are likely the dominant surface-to-bed supply of water that can produce subglacial
channels (Werder et al., 2013), and knowledge about their formation and lifespan is important for
subglacial hydrology simulations. But how moulins form, how often, and in what locations, is still
poorly documented. In this study, I provide detailed observations of moulin formation and abandonment within a 1.6 km2 region of the ice sheet. During a period of two years, we identify moulins
on the ground, and in high resolution orthophotos obtained in the field. In order to lengthen the observation window, I use satellite imagery for a third year. First, I display the active and abandoned
moulins identified and their displacement over time over the entire area. Then I focus on several
sites to identify causes of moulin inception and abandonment. Finally I present moulin water level
measurement timeseries of two neighboring moulins from two consecutive year. The moulin from
the previous year became abandoned and disconnected from the subglacial hydrological system.

2.3
2.3.1

Methods
Site
In this study, we report field and remote sensing observations of moulins, as well as moulin

water pressures and GNSS measurements from our “Low Camp” area in the ablation zone of Sermeq Avannarleq in West Greenland (Mejia, 2021). The area of interest is identified by a red rectangle in Figure 2.1 and is situated about 25 km from the terminus of the glacier. In this area, the
ice flows WSW at a rate of about 90 m/a and with faster velocities during the melt season, with a
typical rate of 30 cm/day.
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Figure 2.1: Location of the study area (red rectangle) in the Pâqitsoq region on the Greenland Ice
Sheet. Imagery: QGreenland, Sentinel-2 multispectral satellite imagery from 2019 (MacGregor
et al., 2020). Metric coordinates CRS: EPSG:3413 - WGS 84 / NSIDC Sea Ice Polar Stereographic
North, Degree coordinates CRS: EPSG:4326 - WGS 84
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2.3.2

Moulin identification
Here we present visual observations of moulin position for three consecutive years at our

Low Camp site, which are displayed in Figures 2.3, 2.4, and 2.5 for 2017, 2018, and 2019, respectively. To simplify the visualization of moulins on the maps, we give them each a letter name which
is listed in Table 2.1. Moulins identified on the ground during the field work also have a four letter
name, and are listed in the table, as the four letter names convention is the official convention in
the project (Covington et al., 2020; Mejia, 2021).
Table 2.1: Location of moulins. Column abrevations: Longitude (x); latitude (y); azimuth of the
stream flow in the first 100 m upstream of the moulin (Az.); angle between the ice flow azimuth
and upstream stream flow azimuth (Div.); distance between current and previous moulin (Dist.);
type of observation: ) ground, satellite imagery, or orthophotos (Obs.); confidence index (Conf.)
with 1 for extremely confident; 0 for partially confident. Coordinates are given in: EPSG:3413 WGS 84 / NSIDC Sea Ice Polar Stereographic North.
Moulin Map
Name Name
JEME
A
PIRA
A’
—
A”
JNIH
B
MACO
B’
—
B”
—
X
—
X’
DAPO
Y
—
Ya’
—
Yb’
SISM
Z
—
Z’
—
M1
—
M2
—
M3
—
M4

2017
x (m)
y (m)
-188916 -2238682
—
—
—
—
-189245 -2239307
—
—
—
—
-188756 -2238358
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—

2018
x (m)
y (m)
-189004 -2238704
-188935 -2238680
—
—
-189340 -2239318
-189256 -2239331
—
—
-188834 -2238380
-188700 -2238421
-189292 -2238781
—
—
—
—
-188884 -2238802
—
—
-189328 -2238545
-189323 -2238556
-189267 -2238925
-189265 -2238988

2019
x (m)
y (m)
Az. (◦ ) Div. (◦ ) Dist (m)
-189086 -2238728
257
3
—
-189017 -2238705 249–285
0-25
8
-188974 -2238716
263
3
50
-189428 -2239339
278
18
—
-189349 -2239347
281
7
28
-189247 -2239338
252
8
12
-188913 -2238405
284
24
—
-188786 -2238446
289
29
85
-189377 -2238807 277-307 17-47
—
-189325 -2238809
276
16
43
-189323 -2238850
300
40
76
-188971 -2238825
311
51
—
-188862 -2238779
311
51
30
-189413 -2238572
176
84
—
-189408 -2238583
264
4
—
-189351 -2238948
286
26
—
-189351 -2239010
290
30
—

Obs.
Conf.
Ground
1
Ground
1
Sat.
1
Ground
1
Ground
1
Sat.
1
Ortho.
1
Sat.
1
Ground
1
Sat.
0
Sat.
0
Ground
1
Sat.
0
Ortho.
0
Ortho.
0
Ortho.
0
Ortho.
0

We visually identified moulins on the ground in 2017 and 2018, from drone orthophotos
collected in the field during the 2017 and 2018 field seasons, and from high-resolution satellite imagery. On the ground, moulins can be identified by the complete disappearance of a surface stream
into a pit or a crevasse, or by the noise produced by the water falling in the moulin. The moulin
diameter can be on the order of a few centimeters to meters. At this site, the moulin diameters
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were usually on the order of a few meters. Moulin entrances can be obscured by snow bridges
or snow plugs, which can prevent direct visual observation of the moulin’s entrance. In this case,
we use the combination of stream disappearance downstream of the moulin and the roaring sound
of the water falling in the moulin to determine the presence of a moulin. Snow plugs or bridges
form over winter when snow fills moulins or incised supraglacial streams from the preceding melt
season. Snow plugs are observed for moulins that reactivate the subsequent melt season or where a
crevasse cross-cuts a snow-filled channel to form a new moulin. In this case the snow-plug persists
because water flows at the base of the incised channel before reaching the new moulin, well below
the level of the top of the snow plug. We use the same visual rules to identify moulins from drone
orthophotos and the high-resolution WorldView imagery.
Due to the potential presence of snow bridges over moulins coupled with the difficulty
in identifying small surface streams, moulin identification is not always clear cut. Accordingly,
we assign a confidence rating of either 0 (less confident) or 1 (directly observed) to the moulins
identified in this study. The confidence level 1 is attributed if the moulin has been identified on
the ground or if the stream was clearly falling in a shaft. The confidence level 0 was attributed if
the moulin was only observed on the imagery, and if there was not a clear surface expression of
the moulin (for example, it was snow covered), or if water was visible in the thalweg downstream
of the moulin. In certain cases, when a moulin forms in a pre-existing stream channel, a portion of
the stream channel downstream of the moulin can stay snow filled for most of the melt season. In
this case, water produced by the melting of this snow can appear blue in remote imagery and give
the appearance of flowing water. We even observed, in some cases, that the flow direction in this
abandoned portion of the stream was reversed from the previous year, likely due to local changes
in slope produced by ice motion or by additional surface melt near the moulin entrance.
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2.3.3

Orthophotos and satellite imagery
We produced the 2017 and 2018 orthophotos with a mosaic of pictures acquired with an

uncrewed aerial vehicle (UAV). The pictures were taken with a SONY ILCE-6000 camera with a
16 mm focal length at a height of 120 m above ground level. We then produced the orthophotos by
processing the pictures in Agisoft Metashape using structure from motion photogrammetry (Bash
et al., 2018).
To increase the length of the observation window, we use high-resolution Worldview 2
(WV) imagery ©2019 Digital Globe. Inc. Because only one Global Navigation Satellite System
(GNSS) station recorded throughout 2017 and 2018, we were not able to increase the precision of
the WV imagery. Therefore, we estimate the error of georeferencing to less than 5 m, based on the
native resolution of the WV2 imagery of 1.84 m in the multispectral band, and visual observations
of the motion of features from 2018 to 2019. We only use 2019 WV imagery due to unavailability,
poor quality, or poor georeferencing of imagery during other years.

2.3.4

Moulin coordinates and GNSS measurements
We collected continuous ice motion measurements at three sites in the Low Camp area

with UNAVCO provided GNSS stations. Data files are available from Mejia et al. (2020). Table 2.2 lists the position of the GNSS stations during the dates of the available imagery (22.07.2017,
12.07.2018, and 08.06.2019) presented in the study. Coordinates in bold were directly measured
with the GNSS station and extracted for the imagery date. Missing data, due to instrument failure
were filled with coordinates derived from the imagery. We validated the georeferencing of the
orthophotos by comparing the GNSS measurements available for that time with the position of the
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GNSS antenna visible in the orthophotos and found differences of less than a meter. Although we
could not guarantee the same accuracy with the WV satellite imagery, we visually compared the
positions of projected surface features with the ice displacement magnitude and direction calculated with GNSS Station 2 and found that the georeferencing of the 2019 imagery is likely accurate
within 2–3 m.
We measured the approximate moulin position on the ground with a Garmin inReach®
Explorer+ hand-held GNSS unit and then improved the accuracy of the coordinates using the georeferenced orthophotos. For the moulins that were identified only with the imagery, we used the
coordinates from the imagery. All the moulins from this study are listed in Table 2.1, with the coordinates in bold when the moulin is active. In the table, we also listed the distance (Dist.) between
the old moulin and the new moulin, as well as the angle (Div.) between the azimuth of the ice
motion and the azimuth of flow direction in the stream in the first 90 m upstream of the moulin.
Table 2.2: Location of GNSS stations. Longitudes (x) and latitudes (y) and elevation (z) in meters
above sea level. The coordinates are given in: EPSG:3413 - WGS 84 / NSIDC Sea Ice Polar
Stereographic North - Projeté. Coordinates in bold are from the GNSS station measurements for
that date. All other coordinates are derived from visual observation of GNSS stations or features
on the ice in the imagery. DOY is day of year.
Date
GNSS Name/
z
x
y
(dd.mm.yyyy) DOY Map Name
(m)
(m)
(m)
22.07.2017
203
JEME/1
796 -188905.74 -2238701.58
12.07.2018
193
JEME/1
-188991.32 -2238722.08
08.06.2019
159
JEME/1
-189075.99 -2238747.44
22.07.2017
203
LMID/2
-188758.93 -2239073.51
12.07.2018
193
LMID/2
792 -188848.09 -2239089.01
08.06.2019
159
LMID/2
791 -188930.70 -2239103.52
22.07.2017
203
JNIH/3
788 -189244.96 -2239286.95
12.07.2018
193
JNIH/3
-189338.45 -2239300.03
08.06.2019
159
JNIH/3
-189427.19 -2239317.31
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2.4

Results

To identify processes that influence the creation of moulins, we located active and inactive
moulins near our Low Camp field site during 2017–2019 (Sec. 2.4.3). Additionally, to analyse
the potential relationship between moulins forming in nearby areas, we compare water level data
collected in two moulins from two consecutive years that reform in nearly the exact same location
(Sec. 2.4.5).

2.4.1

Preferential stream orientations
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path #1
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Figure 2.2: Visualisation of the area surrounding Low Camp (red rectangle). The light grey shading
represents the crevasse areas identified by Hoffman et al. (2018) in 2010 and 2011. Background
imagery: WV2 Satellite Imagery ©2019 DigitalGlobe Inc. Metric coordinates CRS: EPSG:3413 WGS 84 / NSIDC Sea Ice Polar Stereographic North, Degree coordinates CRS: EPSG:4326 - WGS
84
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At Low Camp, the ice flows toward the WSW with an azimuth of 260◦ , advecting surface
features down-glacier at a rate of 90 m/a. Figure 2.2 identifies three main preferential paths followed by the supraglacial streams: (1) parallel to the ice motion (ENE-WSW), (2) at a 25◦ angle to
the ice motion (ESE-WNW), (3) perpendicular to the ice motion (SSE-NNW). Most of the streams
follow the preferential paths 1 and 2, with frequent deviations that follow preferential path 3. While
the general flow from east to west appears to be controlled by the general slope of the glacier, the
preferential paths 2 and 3 originate from old crevasse traces. There is a crevasse field 3 km upglacier of the site. At this location the ice is flowing over a bump on the bed that produces uneven
relief with elongated surface lakes filling the old crevasse traces. Eventually, the relief flattens near
our field site but still contains the old crevasse traces, which produce the preferential paths 2 and 3.

2.4.2

Identified moulins
Figures 2.3 to 2.5 show moulins identified during the summers of 2017, 2018, and 2019,

respectively. During 2017, we identified moulins A and B on the ground. Because the orthophotos
are so detailed, we were able to identify an additional moulin (X) in 2017 that we did not observe
in the field (we did not walk in this area). The next year (2018), all three moulins A, B, and X were
abandoned and a new moulin formed in the same geographic location about 90 m upstream within
the same (advected) stream channel. We called the new moulins A’, B’, and X’, which are visible
in Figure 2.4. In 2018 we observed on the ground A’, B’, along with Y and Z, which were close
to camp. With the orthophotos, we were also able to find the new moulin X’, and four potential
moulin with a lesser degree of certainty (M1, M2, M3, M4), which are represented by triangles on
the maps. In 2019, all the observed moulins apart from moulin Z were abandoned, and only A”, B”,
Ya’, Yb’, and Z’ appeared to have reopened in the initial area. For 2019, we only have observations
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from the satellite imagery, and while A” and B” can be clearly identified as new moulins, Z’, Ya’,
and Yb’ have lower degree of certainty.
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Active Moulin
Inactive Moulin for 1 y
Inactive Moulin for 2 y
Potentially active moulin
Potentially inactive Moulin for 1 y
Potentially inactive Moulin for 2 y
GPS station
Moulin Path
GPS station path

Figure 2.3: Study area in 2017. This map and all the following ones will display, if applicable:
active moulins (green dots), inactive moulins for one year (darker red dots) and for two years
(lighter red dots), potentially active and inactive moulins have only been identified on imagery and
have a lesser degree of certainty (triangle with same color code as circles), GNSS stations (purple
square), path followed by followed by the GNSS station (purple dashed line) or by the moulins
(grey dashed line) from one year to the other. The CRS for all the following maps is EPSG:3413
- WGS 84 / NSIDC Sea Ice Polar Stereographic North. Background imagery: Orthophoto 22 July
2017.
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Active Moulin
Inactive Moulin for 1 y
Inactive Moulin for 2 y
Potentially active moulin
Potentially inactive Moulin for 1 y
Potentially inactive Moulin for 2 y
GPS station
Moulin Path
GPS station path

Figure 2.4: Study area in 2018. Same legend as Figure 2.3. Background imagery: Orthophoto 12
July 2018
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Active Moulin
Inactive Moulin for 1 y
Inactive Moulin for 2 y
Potentially active moulin
Potentially inactive Moulin for 1 y
Potentially inactive Moulin for 2 y
GPS station
Moulin Path
GPS station path

Figure 2.5: Study area in 2019. Same legend as Figure 2.3. Background imagery: WV2 Satellite
Imagery ©2019 DigitalGlobe Inc. .
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2.4.3

Moulin inception
Here, we detail each group of moulins in Figures 2.6 to 2.10 with close-ups on five different

areas where moulins formed. When available, the three years are displayed with three stack-up
maps with the same geographic boundaries. Because the ice is moving, if a feature in year 2017
is at the upper right corner of the map, it will be visible in the middle of the 2018 map, and in
the bottom left in 2019. In Figures 2.6 and 2.7, moulins formed systematically each year, while in
Figures 2.8 to 2.10 moulins were only observed in one or two of the three years. Similar close ups
can be found in the Appendix for the moulins that were identified with a lesser degree of certainty
(Fig. 2.A.5 and 2.A.6).
In the field during the 2017 melt season, we identified moulin A (Fig. 2.6a) and moulin B
(no available imagery for this year). The order of magnitude of the supraglacial meltwater discharge
entering those moulins was about half a cubic meter per second. In both cases, the streams feeding
the moulins were flowing from ENE to WSW and had incised a 1–2 m deep surface channel. While
moulin B clearly formed at the intersection of a crevasse and a stream (Figure 2.A.3a), moulin A
did not appear to have any surface expression of a crevasse. In 2018, when we returned to our field
site, both moulins had been abandoned and the entrances A and B had advected approximately 90
m to the WSW in the down-glacier direction. New moulins had formed 90 m upstream within the
same supraglacial stream (A’, B’ Fig. 2.6b and 2.7a in green), pirating the water that was previously
being routed to moulins A and B (now in red). The dashed lines represent the motion of the moulin
entrances from 2017 to 2018. Figures 2.6b and 2.7a show that the new moulin opened very close
to the geographic position of the moulin from the previous year. We observe the same behavior in
the satellite imagery in 2019 for both moulins (Fig. 2.6c and 2.7b). While moulin A’ opened only
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8 m from moulin A, moulin A” on the other hand opened 50 m downstream of the position from
the previous year, and slightly further south (Table 2.1). Moulin B’ opened 28 m from where B
opened the previous year, and B” opened 12 m from where B’ opened (Table 2.1). For both groups
of moulins, the direction of the stream flowing into the moulin was parallel or sub-parallel to the
ice motion, with a divergence of only a few degrees (Table 2.1) from the azimuth of the path of the
GNSS stations.
We identified three other nearby moulins that have less systematic reappearance. For these
moulins, the orientation of the streams in the first 100 m upstream of the moulins is not parallel to ice
motion. Instead, flow is to the WNW and diverges up to 20 degrees from the ice flow orientation.
Moulin X in Figure 2.8, which formed NE of moulin A in 2017, was pirated by another moulin
(X’) in 2018, 85 m south of where X initially opened. In 2019, no new moulin formed in the
area, and moulin X’ was most likely abandoned. Although water still appears to be flowing in the
stream, the flow direction of the stream likely reversed course, as X and X’ are now on topographic
highs causing the ice surface to slope to the ESE. The orthophoto acquired 6 days later showed the
water that was once flowing into moulin X’ was rerouted into moulin A’ (Fig. 2.A.2). Moulin Y in
Figure 2.9, situated east of the camp, was observed on the ground both in 2017 and 2018. However,
the 2017 orthophoto does not cover this area. While moulin Y drained this area in 2018 (Fig. 2.9a),
in 2019, two separate moulins drained this area instead (Fig. 2.9b). The two new moulins formed
in 2019, Ya’ and Yb’, and the streams that fed them had a downstream angles that deviated from
the ice motion by 43 and 76 ◦ respectively. In 2018 Y was being fed by 2 streams that were pirated
by Ya’ and Yb’ in 2019. Moulin Z was identified by chance close to camp in 2018, due to the noise
of the waterfall when someone walked close to it. However, the moulin was not fully discernible
as a moulin. Instead it appeared as if water was flowing underneath a snow bridge (Fig. 2.A.3d).
32

a) 2017

w
ice flo

b) 2018

c) 2019

Figure 2.6: Yearly opening and translation of moulins at site A. The frame is depicted in geographic coordinates to illustrate translation of surface features due to ice motion. Same legend as
in Figure 2.3. Same background reference as Figures 2.3 – 2.5.
This moulin was not present in this area in 2017, but satellite imagery indicates the moulin was
active in 2019 after it had advected 90 m down-glacier. However, a new moulin (Z’) appeared to
form close to moulin Z’s 2018 location.
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a) 2018

w
ice flo

b) 2019

Figure 2.7: Yearly opening and translation of moulins at site B. Same legend as in Figure 2.3.
Same background reference as Figure 2.3 – 2.5.
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a) 2017

w
ice flo

b) 2018

c) 2019

Figure 2.8: Yearly opening and translation of moulins at site X. Same legend as in Figure 2.3.
Same background reference as Figure 2.3 – 2.5.
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a) 2018

w
ice flo

b) 2019

Figure 2.9: Yearly opening and translation of moulins at site Y. Same legend as in Figure 2.3.
Same background reference as Figure 2.3 – 2.5.
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a) 2019

w
ice flo

b) 2018

c) 2019

Figure 2.10: Yearly opening and translation of moulins at site Z. Same legend as in Figure 2.3.
Same background reference as Figure 2.3 – 2.5.
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2.4.4

Stream and ice flow direction
For moulin pairs that formed in the same area in consecutive years, we calculate the an-

gle between the ice motion direction and the stream direction upstream of the moulin in the first
90 m. We compare the calculated angle with the distance between the new moulin and the previous moulin. The stream/ice motion angle is small (< 10◦ ) when the stream flows follows the
preferential path 1, and becomes larger (> 10◦ ) when the stream follows the preferential path 2 or
3. In Figure 2.11, we find that as the stream/ice motion angle widens, the distance between old and
new moulins increases. Moulin Z’ is an outlier. Figure 2.10c shows that the stream flowing into
moulin Z was following the preferential path 3, and a second parallel stream about 90 m upflow
from the previous stream, was advected exactly over the area where moulin Z previously formed.
Without this second stream, moulin Z’ would likely not have formed at such a nearby location, due
to the large angle. Moulin A” formed in slightly different stream conditions than the others, as the
portion of stream that was advected where A” formed was not a single stream, but was similar an
anastomosing channel (Fig. 2.6c). Here we display the angle of the portion of the stream, but water
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Figure 2.11: Distance between the position of moulin formation in consecutive years versus the
angle between the stream channel and ice motion.
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2.4.5

Moulin closure and interaction with new nearby moulins
Here we compare the water pressure fluctuations in two consecutive moulins (A and A’).

We saw in Section 2.4.3 and in Figure 2.6 that A’ opened 90 m upstream of moulin A on the ice
surface, and only a few meters from where moulin A initially opened in 2017. In Figure 2.12 we
display pictures of both the abandoned and active moulins in 2018. On the left (Fig. 2.12a), we
can see the old entrance of moulin A, with the snow filled upstream portion of the former feeding
channel. Moulin A’ is in the background of the picture. On the right (Fig. 2.12c) we can see the
entrance of the active moulin A’.
(a)

(b)

(c)

b) 2018

Figure 2.12: Abandoned and new moulin formation at site A in 2018. (a) Abandoned moulin
JEME (A) with moulin PIRA (A’) visible in the background of the picture about 90 m away. (b)
Position of JEME (A) and PIRA (A’) on the orthophoto from 2018. (c) The newly formed PIRA
moulin (A’)

The entire time series of water pressure measurements that we collected for both moulin A
and A’ is displayed in Figure 2.13b, with the air temperature in panel (a) as an indicator of surface
melt. During the melt season, when the temperature is above 0◦ C, water pressure oscillates around
60% of overburden pressure. After the end of the melt season, the water pressure stops fluctuating
and starts rising in the moulin. The cessation of moulin fluctuation is because there is no more
fluctuating surface input. On the other hand, the rising of the water pressure in the moulin is likely
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Figure 2.13: Water level measurements in Moulins JEME (A) and PIRA (A’) in 2017 and 2018
displayed as fraction of overburden pressure.
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Figure 2.14: Water level measurements during the period of overlapping time series of at JEME
(A) and PIRA (A’).
due to the disconnection of the moulin from the efficient subglacial drainage system and may be
associated with a reduction in moulin volume due to the creep closure of the moulin wall. While
water pressure relates to water levels, for water pressures above overburden pressure, we expect
that the moulin is iced shut at this point and that it therefore behaves similarly to a confined aquifer.
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Although moulin A’ formed only 90 m from moulin A, we observe no water level fluctuations in the old moulin A when the melt season starts again. In Figure 2.14 we highlight the time
series from Figure 2.13b when water pressure was measured in both moulins at the same time. The
water level in moulin A does not record any type of daily fluctuations, suggesting that the moulin
has been completely abandoned and is disconnected from the subglacial drainage system that is
being fed by moulin A’.

2.5
2.5.1

Discussion
Moulin life span
In the Pâkitsoq region, moulin life spans have previously been estimated to about 11 years

(Catania & Neumann, 2010) and 3.5 years (Andrews, 2015), based on radar and satellite imagery
observations. At our study site, we found no direct evidence that moulins persist more than one
year (in one instance we suspect two years). Instead moulins at our site appear to either become
pirated by a new moulin forming upstream of the advected moulin in a similar geographic position
as the previous year, or do not systematically reform every year. Although most of the moulins
we observed only had a one year lifespan, and were abandoned each year due to stream pirating or
change in slope direction, moulin Z may have stayed active a second year.
Mejia (2021) found examples of moulins that were reactivated over successive years at a
field site named “High Camp”, located 8 km NE of our study area, Low Camp. At High Camp the
ice surface slopes are shallower and surface ice velocities are slower than at Low Camp. While an
individual moulin was active over multiple years, it was fed by streams draining different catchments after streams were rerouted due to snow-plug formation or other small-scale surface pro-
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cesses. The upper part of reoccupied moulins may become larger if the annual rate of melt in the
moulin is larger than the closing due to creep. This would provide additional volume in the moulin
upper part that could dampen subglacial water level oscillations if located near the water column’s
elevation (Covington et al., 2020; Trunz et al., 2021). Moreover, older moulins may have more
complex geometries that may make their instrumentation more difficult. Even though we find that
some moulins can be reoccupied, there was no direct proof that moulins could be advected over
hundreds of meters (Catania et al., 2008) and still stay active, but rather that moulins form in certain
places controlled by the bed topography, and that their recurrence is dictated by the presence or not
of a water input source flowing close enough to the position of weakness. At our “Low Camp” site,
the streams appear to follow the same advected paths every year, with small variations due to local
changes in slope. At our “High Camp” site moulins were more likely to be abandoned due to the
sometimes extreme rerouting of streams over kilometer scales.
From the observation of advected surface features, we found that earlier WV imagery at our
site for the years 2015 and 2016 had errors in georeferencing on the order of 100 meters. This is
similar to errors Andrews (2015) identified for their imagery, and reported by Menio et al. (2017).
This potential inaccuracy of identified moulins from one year to the other, coupled to the large
variation in image quality, could mislead identifications of yearly moulin positions using satellite
imagery. Indeed, in our case, without the level of accuracy in our 3 year of imagery, validated by
GNSS station, we would not have identified the errors in the 2015 and 2016 imagery and would
have assumed that the position of moulins was more variable than it was.
Andrews (2015) found that matched moulins are more common in lower velocity regions
and closer to the potential path of a subglacial channels. Our field site is positioned in the area
where they found the most clustering. Therefore, our site might be close to a larger, higher order
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subglacial channel, to which these moulins get reconnected every year. The abandoned moulins that
were instrumented with pressure sensors show that these moulins are disconnected from efficient
subglacial channels at the end of the melt season (Fig. 2.14). However, this might not be the
case for all moulins, as Iken (1972) observed water level variations in an abandoned moulin in a
glacier in Canada. One explanation of the observed disconnection of relic moulins could be that
the subglacial channel connecting the moulins is perpendicular to the ice flow and therefore more
likely to be closed-off than if the subglacial channel was parallel to ice motion (Chandler et al.,
2021).

2.5.2

Controls on moulin position and reopening
To enable moulin initiation and formation, the presence of an initial fracture or crevasse

coinciding with sustained supraglacial water input is necessary (Das et al., 2008). Our site is situated in a trough, surrounded up-glacier and down-glacier by crevasse fields (Fig. 2.2). Therefore,
we expect most of the area to be in a compressional ice flow regime, which enables the water to
flow and accumulate over the surface. In the case of A and B, we find that they both form on the
western edge of a local depression (Fig. 2.15), which could be controlled by the bed topography
(Crozier et al., 2018; Karlstrom & Yang, 2016; Lampkin & VanderBerg, 2011). Ice flow over a
bed protrusion may be responsible for the increase in elevation as the ice sheet moves down-glacier.
A basal bump could induce enough extension to initiate the moulins in this area, as long as there is
sufficient input of surface water to hydrofracture to the bed and keep the moulins active. Surface
inputs in moulins A and B may produce stresses that trigger the development of other moulins in the
area (King, 2018; Stevens et al., 2015), which do not have apparent surficial fractures or changes
in topography that could help trigger hydrofracture. It is also possible that the moulins in this area
43

are triggered by a change in tensile stresses due to the “caterpillar” like extension of the glacier
starting earlier down-glacier (Ryser et al., 2014).
To initiate the moulins, a water supply is critical (Andrews, 2015; Yang & Smith, 2016).
We find that the orientation of the final 100 m of a supraglacial stream potentially controls the
location of the stream’s terminal moulin the next year. Moulins fed by streams flowing parallel to
the ice motion, (sites A and B), were reformed every year within a 50 m radius. Because the ice is
moving from east to west, old moulins migrate to higher topography and another moulin forms in
their place. The exact position of the moulin is regulated by the position of the stream at the point
of “weakness” on the ice, where the moulins tend to form. On the other hand, at sites Y, X, and Z,
the orientation of the stream follows the preferential paths 2 and 3, and there is no clear bed control
of surface features that would enable systematic opening of the moulins year after year. However,
small crevasses can be observed in the western part of the site that could explain the creation of the
M and Y moulins. For X and Z, though, there is no surface evidence of crevasses. Moulins at site
Z, X, and Y are strongly impacted by the presence of surface streams in the area that they form.
If the angle of the stream/ice motion is sufficiently wide, then the stream path becomes too far for
the new moulin to form, and no new moulin pirates the old moulin. In this case, the moulin can
potentially stay active another year, if the stream is still active. This might be the case at site Z,
between 2018 and 2019, but because we did not identify moulin Z on the ground in 2019, we can
not confirm the moulin was active.

2.5.3

Challenges in moulin identification
Moulins positions and moulin densities are nearly always determined by visual identifica-

tion with satellite imagery (Hoffman et al., 2018; Thomsen et al., 1989; Yang & Smith, 2016) or
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Active Moulin
Inactive Moulin for 1 y
Inactive Moulin for 2 y
Potentially active moulin

Elevation

Potentially inactive Moulin for 1 y
Potentially inactive Moulin for 2 y
GPS station
Moulin Path
GPS station path

Figure 2.15: Elevation of the study area in 2018 based on the DEM produced along with the
orthophoto in the background. Same legend as Figure 2.3. Background imagery: Orthophoto 12
July 2018.
by some automated processes with Digital Elevation Models (DEM) (Phillips et al., 2011). Ground
identification on the Greenland Ice Sheet is very rare, due to the difficulty of access. During this
study, we found that the number of moulins present in an area might be underestimated when using
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solely satellite imagery. Even with the orthophotos, which can have a pixel resolution of a few
cm, some streams can appear to still be flowing downstream of a moulin, as was the case for Z.
Moulin Z was identified on the ground mainly due to the sound the moulin was making (see picture of the moulin in Appendix 2.A.3d). We know that the sound did not come from water falling
into a crevasse, as there was no surface expression of any crevasse. We probably would not have
identified this moulin based only on the imagery. From the imagery, the fact that the stream still
appears to be flowing is due to the ponding of the melting snow in the stream bed downstream of
the moulin. The main challenge to identifying moulins from the ground is that it is difficult to have
an overview of the surrounding streams or where they end. Sometimes, we observed water flowing
in the bed of the stream on either side of the moulin, towards the same moulin. The abandoned
channel between an old and new moulin can stay snow filled with water starting ponding there. A
combination of the local ice surface slope changing from one year to the next due to the ice motion
over the bed topography, and the lower melting rate in the snow filled area might be the cause of
the flow direction reversal from one year to the other. Although it is only on a short portion of the
stream just downstream of the moulin, from the aerial perspective, this could give the impression
that the stream is still flowing downstream of the moulin, when it is actually flowing towards the
moulin.
In addition, surface topography of the ice itself can be misleading when trying to find the
direction of flow using a digital elevation model produced with remote imagery. On the ground,
Mejia (2021) and Thomsen et al. (1989) observed streams flowing in the direction of increasing ice
surface elevation by incising through the topographic high.
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2.5.4

Impact of systematic abandonment of moulins on cryo-hydrologic warming
Ice flow is influenced by temperature modifications produced by refreezing of meltwater

(Bell et al., 2014). Temperature profiles measured in the Greenland Ice Sheet (Harrington et al.,
2015; Hills et al., 2017; Lüthi et al., 2015) show anomalies or offsets from expected profiles.
For example, cryo-hydrologic warming can occur at the surface due to the refreezing of water in
crevasses (Poinar et al., 2017a; Poinar et al., 2017b), or with infiltration of basal meltwater in
basal crevasses (Bell et al., 2014). Some localised anomalies that have been found can only be
explained by latent heat produced by a refreezing moulin (Harrington et al., 2015; Hills et al.,
2017), as they are the only surface-to-bed source of meltwater. Refreezing moulins are only point
sources of heat that are unlikely to be able to produce large temperature changes in the ice. This is
especially true with the low moulin density observed of 0.05 to 0.3 km−2 in a similar study area,
on the Russel Glacier (Smith et al., 2015). However, in the case that moulins annually reform upglacier, and given the possible underestimation of moulins forming on the ground, the density of
refrozen englacial water within moulins could be greater than previously anticipated. For example,
the density of active moulins at our site ranges from 2.5 –6 km−2 and could reach between 30
–80 km−2 of relic moulins assuming moulins would reopen once ice was advected 90 m. In this
case, the dispersion of the heat would take less than 50 years to reach a radius of 50 m (Hills
et al., 2017), which could create of vertical connected vertical hot spot of temperature anomalies.
Although it might not have a strong impact on the overall ice flow dynamics, it would be interesting
to see the effect of such a vertical heat plane on the general deformation of the glacier downstream
when the ice reaches an ice stream, somewhere else on the ice sheet.
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2.6

Conclusion

Using ground observations in conjunction with drone orthophotos and high-resolution satellite imagery within a 1.6 km2 area of the Pâkitsoq region, we demonstrate that moulins can be systematically abandoned annually and reform up-glacier at the position occupied by the moulin the
previous year. This could have implications for our understanding of the development of the subglacial drainage system, and the propagation of temperature anomalies across the glacier. With the
current limited set of moulin observations, and difficulties in identification using remote sensing
due to challenges in referencing and limited pixel resolution, additional ground observations are
necessary to determine if this phenomenon might be more widespread and where.

2.7

Data availability

Moulin JEME hydraulic head data can be found on the Arctic Data Center website at this
doi:10.18739/A2M03XZ13. We will make the orthophotos available at the publication of this
chapter in a journal.
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Appendices

Bedrock elevation

Figure 2.A.1: Bedrock topography elevation and surface elevation contour (dotted lines) from
Morlighem et al. (2017) BedMachine v3 in QGreenland. The red box represent the study area.
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Moulin A’

Figure 2.A.2: Orthophoto from 18 July 2018 representing the stream previously going into moulin
X’ the 12 July 2018 now rerouted to moulin A’
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(a) moulin A - 2017

(b) moulin A’ - 2018

(c) moulin B - 2017

(d) moulin Z - 2018

(e) moulin Y - 2018

(f ) moulin

Figure 2.A.3: Pictures of the moulins observed on the ground in 2017 and 2018 at Low Camp.
Photo (a) taken by Jon Carlson.
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Figure 2.A.4: Uncrewed Aerial Vehicle (UAV) used to collect pictures for the orthophotos. Photo
used with permission from Matthew Covington.
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a) 2018
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b) 2019

Figure 2.A.5: Yearly opening and translation of moulins at site M12. Active moulins (green dots),
inactive moulins for one year (darker red dots) and for two years (lighter red dots), potentially active
and inactive moulins have only been identified on imagery and have a lesser degree of certainty
(triangle with same color code as circles), GNSS stations (purple square), path followed by followed
by the GNSS station (purple dashed line) or by the moulins (grey dashed line) from one year to
the other. The CRS for all the following maps is EPSG:3413 - WGS 84 / NSIDC Sea Ice Polar
Stereographic North.
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Figure 2.A.6: Yearly opening and translation of moulins at site M34. Active moulins (green dots),
inactive moulins for one year (darker red dots) and for two years (lighter red dots), potentially active
and inactive moulins have only been identified on imagery and have a lesser degree of certainty
(triangle with same color code as circles), GNSS stations (purple square), path followed by followed
by the GNSS station (purple dashed line) or by the moulins (grey dashed line) from one year to
the other. The CRS for all the following maps is EPSG:3413 - WGS 84 / NSIDC Sea Ice Polar
Stereographic North.
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Figure 2.A.7: Elevation of the study site A in 2018 based on the DEM produced along the background orthophoto. Same legend as Figure 2.3. Background imagery: Orthophoto 12 July 2018.
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Figure 2.A.8: Elevation of the study site B in 2018 based on the DEM produced along the background orthophoto. Same legend as Figure 2.3. Background imagery: Orthophoto 12 July 2018.

60

Elevation

w
ice flo

Figure 2.A.9: Elevation of the study site X in 2018 based on the DEM produced along the background orthophoto. Same legend as Figure 2.3. Background imagery: Orthophoto 12 July 2018.
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Figure 2.A.10: Elevation of the study site Y in 2018 based on the DEM produced along the background orthophoto. Same legend as Figure 2.3. Background imagery: Orthophoto 12 July 2018.
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Elevation

Figure 2.A.11: Elevation of the study site Z in 2018 based on the DEM produced along the background orthophoto. Same legend as Figure 2.3. Background imagery: Orthophoto 12 July 2018.

Elevation

Figure 2.A.12: Elevation of the study site M12 in 2018 based on the DEM produced along the
background orthophoto. Same legend as Figure 2.3. Background imagery: Orthophoto 12 July
2018.
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Figure 2.A.13: Elevation of the study site M34 in 2018 based on the DEM produced along the
background orthophoto. Same legend as Figure 2.3. Background imagery: Orthophoto 12 July
2018.
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3

Modeling simple moulin shapes

MODELING THE IMPACT OF MOULIN SHAPE ON ENGLACIAL HYDROLOGY

3.1

Abstract

Subglacial models represent moulins as cylinders or cones, but sparse field observations of
the upper part of moulins in the Greenland Ice Sheet suggest that moulin shapes are more complex
and that the englacial water storage within moulins varies as a function of depth. Here, we use an
englacial-subglacial conduit model to explore how moulin shape affects depth-dependent moulin
water storage and water dynamics within a subglacial channel. We simulate seven different moulin
shapes across a range of moulin sizes. We find that the englacial storage capacity at the water level
is the main control over the head oscillation range, and that depth-varying changes in englacial
water storage control the temporal shape of head oscillation. Further, moulin cross-sectional area
within the head oscillation range controls subglacial channel water pressure dynamics. In instances
when the moulin capacity is high within the head fluctuation range, moulin shape can act to filter
daily to weekly oscillations in surface meltwater supply, as observed in the field. Our findings
suggest that further knowledge of the shape of moulins around the equilibrium head elevation would
improve englacial storage parameterization in subglacial hydrological models and aid predictions
of coupling between meltwater and ice motion under future melt scenarios.
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3.2

Plain language summary

How rapidly glacier ice moves is in part controlled by the amount of water present in
moulins, which are large vertical shafts that carry water from the surface to the bed of the glacier.
Water levels in moulins match the water pressure underneath the ice, where water collects in channels and flows seaward. Most models that are used to simulate this water flow under the ice assume
that moulins are cylindrical, but in reality they are not. In this study, we show that non-cylindrical
moulins affect how the water level fluctuates within moulins and that what matters is the shape of
the moulin within the range where the water level oscillates.

3.3

Introduction

In land-terminating regions of the Greenland Ice Sheet, the response of the subglacial drainage
system to meltwater inputs is a primary influence on ice motion (e.g., Andrews et al., 2014; Hoffman et al., 2016; Schoof, 2010). Spatial (Banwell et al., 2016) and temporal (Schoof, 2010) variability in supraglacial meltwater input affect subglacial channel water pressures and ice motion.
While pressures within subglacial channels tend to control mid-melt-season ice motion, changes
in the inefficient subglacial drainage system can influence late season slow down (Andrews et al.,
2014; Hoffman et al., 2016).
Englacial storage is an important control on the pressure dynamics within the subglacial
drainage system. Storage must be included within models to produce realistic oscillation dynamics
in channelized subglacial drainage systems (Werder et al., 2013). Storage can impact both the
distance over which pressure variations will diffuse away from channels (Werder et al., 2013) and
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the rate of water pressure rise after the melt season (Downs et al., 2018). Consequently, storage
plays a central role in the link between meltwater and ice motion.
Moulins collect nearly all of the supraglacial meltwater on the Greenland Ice Sheet (Smith
et al., 2015). These englacial features also connect directly to subglacial channels, which leads to
their potentially central role in modulating subglacial water pressure (Banwell et al., 2016; Werder
et al., 2013). Recent work suggests that moulins represent a potentially large percentage of the
englacial void space that is directly coupled to the subglacial system (Covington et al., 2020).
Most subglacial hydrological models treat englacial storage as a spatially and temporally constant
model parameter, such as englacial void fraction. However, limited exploration within moulins
in alpine type glaciers (e.g., Gulley et al., 2009; Holmlund, 1988; Vallot, 1898; Vatne & IrvineFynn, 2016) and in Greenland (Bourseiller et al., 2002; Covington et al., 2020; Griselin, 1995;
Lamberton, 2002; Moreau, 2009) suggests that moulins often have irregular shapes, where storage
capacity may differ substantially with depth.
In this study, we explore how moulin shape affects water level dynamics in moulins and
subglacial channels in a Greenland type ice sheet using a single conduit model (Covington et al.,
2020). Since relatively little is known about moulin shapes in Greenland, we explore a variety of
generic shapes and later discuss how they relate to field observations of moulins. In Section 3.5.1,
we test how various moulin shapes affect the equilibration timescales of the subglacial system using
a constant meltwater input in the moulin. In Section 3.5.2, we test how the shape of a moulin affects
its response to diurnally varying meltwater input. We conclude by interpreting our simulation
results in the context of the englacial void ratio, bed connectivity, and ice velocity.
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Figure 3.1: Schematic model diagrams. (a) Sketch of the model representing a moulin connected
with a subglacial channel (Covington et al., 2012), with the meltwater input (Qin ), discharge (Qout ),
moulin cross-sectional area (Ar ), moulin radius (r), moulin head (h), subglacial channel length
(L), and subglacial channel cross-sectional area (S). (c) The subglacial channel can creep closed
or open depending on head and ice thickness adapted from (Schoof, 2010) (b) Longitudinal crosssection of the model. The effective pressure (N ) in the conduit at any point is the pressure of the
ice (Pi ) minus the hydraulic head (ρw gh) defined with the water density (ρw ), the gravity (g) and
the head (h) relative to the bed. The blue dashed line represents the position of the water if we
drilled a well in the subglacial channel. (d-e) Cone-shaped moulins used for constant meltwater
input simulations. We compare different cones by fixing the radius at the equilibrium head ( heq )
or at half of the ice thickness (H/2). The slope of the moulin wall is determined by m and is
described in more detail in Text 3.A.3. (c-f) Moulin shapes used for the oscillating meltwater input
simulations. We design the change in wall slope to be fixed at equilibrium head ( heq ) in (f) and
(g), with Zhmin just below the lowest water level in the set of simulations. The abrupt changes in
radius in (h) and (i) are set to be between Zhmin and Zheq .
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3.4

Model and methods

To explore the relationship between moulin shape and moulin water level variation, we
employ a simplified model of the coupled englacial-subglacial hydrological system. The model
contains a single subglacial channel that is fed by a vertical moulin (Fig. 3.1a). The moulin collects meltwater input (Qin ), which is then evacuated through the subglacial channel. Moulin shape
remains fixed throughout a model run. The subglacial channel cross-sectional area (S) can evolve
through melt and creep (Fig. 3.1c), which are functions of subglacial discharge and effective pressure, respectively. Discharge and effective pressure vary with the height of the water, or hydraulic
head (h), in the moulin. The rate of change of head (dh/dt) depends on the difference between the
discharge into (Qin ) and out of (Qout ) the moulin and the storage volume within the moulin. Storage
is controlled by the cross-sectional area of the moulin at water level, Ar (h).
Diameter-evolving subglacial channels have been simulated in numerous prior studies (e.g.,
Röthlisberger, 1972; Schoof, 2010; Spring & Hutter, 1981) and can be coupled with a reservoir to
include the storage of the moulin (Clarke, 1996; Covington et al., 2012; Werder et al., 2010). This
type of model provides a simple and efficient physically based model for studying the dynamics
of an individual moulin-fed subglacial channel. For this study, we implement the reservoir constriction model described in Covington et al. (2012) with the subglacial channel evolution model
described in Schoof (2010), without the cavity component, as we assume the subglacial system is
already channelized. We adapted the moulin component to allow moulin cross-sectional area (Ar )
to vary with depth. For more details on the derivation of this model, see Text 3.A.1.
We use meltwater input rates in the range of estimated supraglacial stream discharges in
the ablation zone on the western flank of the Greenland Ice Sheet (Smith et al., 2015). In the first
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set of simulations (Section 3.5.1), the meltwater input is fixed at 3 m3 /s to test the equilibration of
the subglacial system. In the second set of simulations (Section 3.5.2), we use diurnally varying
supraglacial meltwater input with

Qin (t) = a sin(2πt/P ) + Qmean ,

(3.1)

where the meltwater input rate (Qin ) oscillates around a mean meltwater input (Qmean ) of 3 m3 /s,
with an amplitude (a) of 0.8 m3 /s, and a period (P ) of one day, with t equal to the time.
To scale the ice thickness to the conduit length for each simulation to representative values
of a land terminated glacier in Greenland, we use an idealized square root glacier (Hewitt et al.,
2012), with zero ice thickness at the margin and 1000 m ice thickness at 40km from the margin,
defined by
√
1 km
H=√
∗ L,
40 km

(3.2)

where H is the ice thickness, and where the subglacial channel length L being equivalent to the distance from the margin. Note that for each simulation, the model still assumes a single ice thickness
above the conduit for simulating creep.
We use a series of idealized moulin shapes (Fig. 3.1d–i) to explore the influence of moulin
shape on subglacial water pressure dynamics. Given that no moulins have been mapped around
or below the water level during the part of the year where moulins are active, we chose shapes to
cover a wide range of possibilities. We adapt the model of Covington et al. (2012) (Fig. 3.1) by
implementing a circular moulin cross-sectional area with a depth-dependent radius (Clarke, 1996;
Werder et al., 2010). We run two broad classes of simulations: simulations with fixed meltwater
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inputs to identify equilibrations timescales (Section 3.5.1), and simulations with oscillating meltwater inputs characteristic of daily change in melt (Section 3.5.2). For the fixed meltwater input
simulations (Section 3.5.1), we compare cone-shaped moulins (Fig. 3.1d-e) of different sizes and
shapes but identical radii at the equilibrium head ( heq ), or at half of the ice thickness (H/2). The
parameterization is described in Text 3.A.3. For the oscillating meltwater input simulations (Section 3.5.2), we compare hourglass, diamond, goblet, and bottle shaped moulins (Fig. 3.1f-i). The
parameterizations of moulin shapes are described in Figure 3.A.5.

3.5
3.5.1

Results
Model experiments with a fixed meltwater input
For a fixed rate of meltwater discharge within a subglacial channel, there exist equilibrium

values for head gradient and channel diameter that can accommodate this discharge while simultaneously balancing the rates of wall melt and creep closure within the channel (Röthlisberger,
1972). If a channel is initialized at this state, then it will remain at equilibrium until the external
forcing changes. When a subglacial channel is coupled to an englacial storage element, such as a
moulin, then the system can oscillate around these equilibrium values of head and diameter, even
with constant meltwater delivery (Clarke, 1996; Stubblefield et al., 2019).
In our first model experiments, we study the influence of moulin shape on the equilibration
timescale. Here, we use a constant water input, Qin , free of the diurnal variations typical of fieldobserved supraglacial discharge, to isolate the internal system dynamics from any effects of timevarying forcing. We ran two sets of constant meltwater input simulations. In the first set, we fix
parameters of ice thickness and channel length and explore the impact that moulin shape has on
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equilibration timescale (Section 3.5.1). In the second simulation set, we systematically vary ice
thickness and channel length for a subset of possible moulin shapes (Section 3.5.1). We use this
second set of simulations to examine whether sensitivity to moulin shape might vary across the ice
sheet.
For the parameter space that we explore here, if our model is run with constant discharge
and initialized at some distance away from the equilibrium head ( heq ) and diameter for that discharge, then it behaves as a damped oscillator, which eventually approaches the equilibrium state
(Fig. 3.A.1). Therefore, the system exhibits two inherent timescales: one associated with oscillation and one associated with the damping of the oscillations. We refer to the latter as the equilibration timescale. Effectively, the equilibration timescale approximates the time that is required for
the system to evolve from one equilibrium state to another after a change in forcing, such as the
moulin discharge.

Effect of moulin shape on equilibration timescales
First, we examined the impact of moulin shape on equilibration timescale for fixed ice thickness and conduit length. We choose parameter values that are roughly representative of the field
areas in Greenland where moulin water-level data are available (Andrews et al., 2014; Covington
et al., 2020). We used a conduit length of 30 km (equivalent in our case to distance from the margin) and an ice thickness of 1000 m. In these simulations, we used a moulin meltwater discharge
of 3 m3 /s, which approximates the flow rate of a typical supraglacial stream in western Greenland
(Smith et al., 2015).
We run three subsets of simulations using three different methods for varying moulin shape.
For the first subset, we used cylindrical moulins and simply varied the moulin radius from 5 to 15 m
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(Fig. 3.2 a-c). In the other two simulation subsets, we used cone-shaped moulins that widened either
upward or downward. For the second subset, we employed a common moulin radius of 10 m at
half of the ice thickness (H/2) (Fig. 3.2 d-f). For the third simulation subset, we fixed the moulin
radius to 10 m at the elevation of equilibrium head (heq ) (Fig. 3.2 g-i). We assumed that the moulin
has a circular cross section and calculate the cross-sectional area Ar = πr2 , for depth-dependent
radius r. The slope of the wall (m) is defined as m = dr/dz, where r is the moulin radius and z the
elevation from the bed. The slope m ranges from -2% to +2% for the simulations with a common
radius at H/2, and from -6% to +6% for the simulations with a common radius at equilibrium head
elevation.
In the three sets of simulations shown in Figure 3.2, both head (h) and subglacial crosssectional area (S) have underdamped oscillations that reach an equilibrium head of about 750 m
above the bed. For the cylindrical subset (Fig. 3.2a-c), we observe that, for the same Qin of 3 m3 /s,
head oscillations in the larger moulin (r = 15 m) decay with an e-folding time of 13 days and
have an oscillation period of 5 days. The e-folding time for decay of oscillations in the smaller
moulin (r = 5 m) is about 1 day with a oscillation period of less than 2 days (Tables 3.A.2 and
3.A.3). This is consistent with common reservoir-model behavior, wherein the timescale for filling
and draining increases with increasing reservoir size (e.g., Covington et al., 2012; Covington et al.,
2009; Stubblefield et al., 2019).
In the simulation subset with cone-shaped moulins with radius fixed at H/2 (Fig. 3.2df) the shapes and total volumes of the moulins are quite different than for the cylindrical cases.
However, they display behavior that is similar to the cylindrical cases. For example, an upwardwidening cone with wall slope of +2% from the vertical axis (purple line) has a low total storage
capacity below the water line compared to a downward-widening cone with the opposite wall slope
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Figure 3.2: Equilibration time series of head (h) and channel cross-sectional area (S) simulated
with a fixed meltwater input Qin for cylindrical and cone-shaped moulins. For all simulations the
length and thickness of the glacier is constant.Panel a-c (cylinder): the moulin is a cylinder and for
each case the diameter changes.Panel d-f (cone H/2): the moulin is a cone with radius at half the ice
thickness held constant across simulations. The slope of the wall varies across simulations. Panel
g-i (cone heq ): is similar to panel B but the radius of the moulin is fixed at equilibrium head altitude,
and an extreme range of moulin wall slopes is tested. In each broad panel, the subfigures display;
(a,d,g) the moulin head (h) elevation timeseries; (b,e,h) the subglacial channel cross-sectional area
(S); (c,f,i) the cross-sectional profile of the moulin. Vertical axes of moulin profile are at scale
with head, but not with S.
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(-2%; red line). However, we observe very similar behavior in the time evolution of h and S as
for cylindrical moulins, where equilibration time increases with moulin storage volume within the
range of water level oscillation. We probed this further using the third subset of modeled moulins,
where storage at heq is fixed with a radius of r = 10 m (Fig. 3.2g-i). For the third subset, we
observe that the timescales of both oscillation and equilibration are nearly identical to one moulin
to another, regardless of wall slope. This is true even for extreme cases of wall slope (Fig. 3.2g-i,
red and purple lines). Both h and S vary nearly identically as in the cylindrical (3.2c, black line)
and cone H/2 (3.2f, black line) cases that have r = 10 m at heq .
While the dynamical timescales are effectively the same for all the simulations with similar
r(heq ), the shape of the oscillations (Fig. 3.2g,h) near the peaks and the troughs depends on wall
slope. The shape of the head extremum is rounder in (Fig. 3.2g, purple line) when the moulin
widens in the direction of head displacement (red line), and more sharply peaked when the moulin
radius gets smaller.

Equilibration timescales for different ice thicknesses
Here, we examine whether the sensitivity of equilibration timescale might vary with position on the ice sheet. We use the same three classes of moulin shapes as in Section 3.5.1. For each
shape class we compare the oscillation (τosc ) and damping timescales (τdamp ) along a profile of an
idealized parabolic glacier (Fig. 3.3) by systematically varying the parameters of ice thickness (H)
and channel length (L). We extract τosc and τdamp of h and S by fitting the solution for a damped
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Figure 3.3: The equilibration timescales, the oscillation timescale (τosc ) and damping timescale
(τdamp ), along an idealized parabolic ice sheet profile (Equation 3.2) for cylindrical and cone-shaped
moulins. The oscillation timescale (a, b and c) represents the period of the underdamped fluctuations, while the damping timescale (d, e and f) is the e-folding time over which the system reaches
equilibrium. For a cylindrical moulin (a and d), oscillations and damping timescales increase with
moulin radius and with distance from the margin. For a cone-shaped moulin with slope varying
at the middle of the moulin height (b and e), both timescales increase with moulin radius at equilibrium head ( heq ). For a cone-shaped moulin with radius fixed at the equilibrium head ( heq ) (c
and f), the timescales are insensitive to moulin geometry. For all cases Qin = 3 m3 /s, for (a & d)
m = 0 m, and the common radius r (b, c, e & f) is r = 10 m.
harmonic oscillator to our simulated timeseries (Fig. 3.A.1), using

2π
h(t) = Ae−t/τdamp sin(
t + φ) + heq
τosc




π if h(t = 0) < heq
φ =



0 if h(t = 0) > heq

(3.3)

(3.4)

where A is the amplitude, t is the time, and φ is the phase shift.
For cylindrical moulins with the same meltwater input (Qin ), we find that oscillation and
damping timescales (τosc and τdamp ) increase with distance from the margin and with increasing ra76

dius (Fig. 3.3a,b). For cone-shaped moulins with common radii at H/2 (Fig. 3.3b,e) the timescales
display an intersection point around 10 km from the margin, which is specific to our parameter
choices. Here, for downward-widening moulins, the timescales sometimes decrease with distance
from the margin, because increases in the equilibrium head bring the water levels into a narrower
portion of the moulin. For upward-widening moulins a similar, but opposite, effect enhances the
increases in the timescales with distance from the margin. Overall, these results illustrate that the
diameter of the moulin at heq is the primary control on these timescales and that ice thickness has
a secondary effect. This is further demonstrated by the simulations for cone-shaped moulins with
common radii at heq (Fig. 3.3c,f) which show virtually no variation in τosc and τdamp across moulin
shapes so long as the radius at heq is the same. For these simulations, the timescales reflect only
the position of the moulin on the ice sheet, not moulin shape. Furthermore, τosc and τdamp for all
cone-shaped moulins in this subset are the same as that of the cylindrical moulin with a radius of
10 m (Fig. 3.3a,d), which is equal to the radius of the cone-shaped moulins at heq . Therefore, the
moulin volume at heq is the controlling factor for the equilibration timescales.

3.5.2

Model experiments with an oscillating meltwater input
On glaciers and ice sheets, meltwater discharge flowing into moulins is not constant in time

but oscillates with changes surface melting. In this section, we focus on the impact of moulin shape
on the dynamics of moulin water level and subglacial conduit cross-sectional area under diurnally
varying meltwater delivery. For the simulations in this section, we use a sinusoidal Qin with a daily
period and a range from 2.6 to 3.4 m3 /s. The simulations are run for an initialization period until
the amplitude of the daily oscillations stabilizes. This allows us to isolate the dynamics created by
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varying meltwater input, rather than the damped oscillations produced during the equilibration of
the system.
We test a variety of simple, physically plausible shapes. We design these moulins such
that the changes in cross-sectional area are focused within the range of elevations of water level
oscillation. We observed in Section 3.5.1 that changes in moulin radius around heq affect the head
and channel size only via the moulin cross-sectional area (Fig. 3.2a–c), not via changes in moulin
wall slope (Fig. 3.2g–i). We use two different approaches to vary moulin shape near heq . In the
first approach, we vary the moulin wall slope around heq (“hourglass”, “diamond”, Figure 3.1f,g)
to keep our focus on the wall slope and not on the change in cross-sectional area at heq . In the
second approach, we abruptly change the moulin cross-sectional area at heq (“goblet”, “bottle”,
Figure 3.1h,i) to mimic differential melting observed in moulins in the field. We compare results
from all of these runs to the cylindrical standard, for a total of five moulin shapes.
As noted in Section 3.5.1, moulin shapes do not have a strong influence on equilibration
timescales; however, moulin shape does affect the amplitude and shape of the peaks and troughs
in head and subglacial channel cross-sectional area in response to oscillating meltwater input. In
this simulation subset, we observe how the five tested shapes affect the amplitude and shape of the
oscillating responses in h and S for the same sinusoidal meltwater input.
We compare cylindrical moulins, with radii varying from 3.5–15 m (Fig. 3.4a–e), to hourglassand diamond-shaped moulins with different wall slopes but with a common radius at one position
in the moulin (Fig. 3.4f–o), and to moulins with fixed wall slopes with varying radius (Fig. 3.4p–y).
The Table 3.A.4 summarizes the radius values used for all the simulations.
For similar Qin , the oscillation amplitudes h and S are controlled by the moulin volume
within the oscillation range, similar to what we observed with a fixed input (Section 3.5.1). The
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Diamond

Hourglass-Diamond
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Peakedness

Figure 3.4: Timeseries of head (h), channel cross-sectional area (S), and dimensionless meltwater
input frequency (f ∗ ), for a sinusoidal Qin oscillating from 2.6 to 3.4 m3 /s with a daily period for
multiple idealized moulin shapes. Panel a-e (Cylinder): the radius changes uniformly. A large
radius dampens the head and subglacial channel cross-sectional area oscillations and reduces f ∗
in a uniform way. Panel f-j (Hourglass-Diamond): the radius is fixed at heq and wall slope varies
above and below heq . Panel k-o (Diamond-Hourglass): the slope is fixed for different diamond
shape moulins. Panel p-t (Hourglass): the radius is fixed for different hour-glass shape moulins.
In each broad panel, the subfigures display: (a,f,k,p) the head timeseries in the moulin; (b,g,l,q)
the subglacial channel cross-sectional area timeseries; (c,h,m,r) the dimensionless meltwater input
frequency timeseries, f ∗ (t); (d,i,n,s) the profile of the moulin, to scale with the head in subfigure
(a), with the water level at equilibrium represented in blue; (e,j,o,t) the peakedness, represented by
the second derivative of the head oscillation, versus the dimensionless meltwater input frequency.
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magnitude of Ar in the head oscillation range, whether depth-independent (Fig. 3.4a–e) or depthvarying (Fig. 3.4f–y), strongly affects the amplitude of oscillations. For a given Ar at heq , a wall
slope of just -2% from the vertical axis (Fig. 3.4f–j red) can double the oscillation amplitude compared to a cylinder . This is due to the depth-dependent moulin volume within the oscillation range:
the ability of the moulin to store water decreases as h rises above heq , thus forcing a faster rise. This
change in oscillation amplitude is particularly pronounced above equilibrium head, where increases
in radius at heq systematically reduce the amplitudes, regardless of the slope.
We observe asymmetry in both peak shape and the height of peaks versus depth of troughs
above and below equilibrium. This asymmetry is driven by the asymmetry between the rates of
melt and creep closure of the subglacial channel. In general, under conditions typical of an ice
sheet, the subglacial channel is able to close faster than it can grow. This means that the subglacial
channel closes quickly as meltwater input decreases and water pressure falls. But, when meltwater
input increases, and the conduit must reopen, the melt opening process is slower. Accordingly, the
water level increases faster than the conduit can accommodate, creating a large increase in water
level in the moulin.
To investigate the relationship between meltwater cycle intensity and moulin storage capacity, we use the dimensionless meltwater input frequency f ∗ from Covington et al. (2020), which is
the ratio of the time it takes the moulin to fill to overburden pressure to the duration of the meltwater
cycle:

f∗ =

τf l
,
Posc

(3.5)
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where the period of oscillation of the meltwater input (Posc ) is one day and the storage timescale
(τf l ) is given by

τf l =

ρi
ρw



HAr
,
Qin

(3.6)

where ρi and ρw are the density of ice and water, respectively, H is the ice thickness, and Ar is the
moulin cross-sectional area. Essentially, a moulin acts as a low-pass filter, where water storage
filters out frequencies above f ∗ & 1. For the cylindrical case, where Ar is depth-independent, so
too is f ∗ (Fig. 3.4c). For non-cylindrical moulins, however, f ∗ changes with head (Fig. 3.4h,m,r,w).
For these cases, we focus on the local volume at the water level and calculate f ∗ using Ar (h).
For a cylindrical moulin, we find that when f ∗ > 1 (Fig. 3.4a–e,purple line), diurnal oscillations are almost completely filtered out, but they remain for f ∗ < 1 (Fig. 3.4c). For the diamondshaped moulin (Fig. 3.4r, yellow and red) the time series of f ∗ shows two pointy troughs per 24h
period. The large and the small f ∗ troughs coincide with the peaks and troughs, respectively, of h,
where Ar reaches minima. The main trough is due to the narrowing above heq , and the secondary
trough is due to the narrowing below the heq . Even though the moulin shape is symmetric above
and below heq , the water level rises higher above heq than it falls below, due to the asymmetry
caused by the subglacial melt-creep dynamics. For the hourglass shaped moulin, the twice-daily
troughs in f ∗ coincide with the subglacial channel cross-sectional extremum (Fig. 3.4w). In this
case, the narrowest portion of the moulin is positioned at heq .
We hypothesize that variations in oscillation shape (amplitude and peakedness) are controlled by the dimensionless meltwater input frequency (f ∗ ). To quantify the peakedness (κ) of the
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oscillations, we calculate the curvature in the time series in the vicinity of the peak, using

κ=

d2 h
dt2

,

(3.7)

peak

The larger the curvature, the more pointy the peak. We also calculate the peak amplitude a above
heq with
a = hpeak − heq .

(3.8)

To test our hypothesis, we compare values of f ∗ at heq (circles) and hpeak (triangles) against
κ and a (Fig. 3.4e,j,o,t,y). It is important to keep in mind that for a specific H and Qin , which here
are held fixed, f ∗ is a direct reflection of Ar . We find that the smallest value of f ∗ within the head
oscillation range controls the amplitude of oscillations if f ∗ > 1 (Fig. 3.4), while the peakedness
is controlled by f ∗ at the peak head (Fig. 3.4p-t, red line). Additionally, when the trough in f ∗
corresponds to the equilibrium head (Fig. 3.4h-y, red line), we observe deformation of the head
oscillation shape, but not a significant increase in κ. When the minimum values of f ∗ coincide
with a head maximum or minimum, the shapes of the peaks and troughs become distorted. In other
cases, when the troughs in f ∗ coincide with the water level being at heq , then the shape distortion
appears around the mean of the oscillation (Fig. 3.4k-m, red line).

3.5.3

Effect of abrupt change of moulin shape
Next we investigate how an abrupt change in moulin shape at a prescribed depth affects the

oscillation dynamics. Field exploration of moulins in Greenland (Covington et al., 2020; Moreau,
2009; Reynaud & Moreau, 1994) has found ledges in some moulins, or large subaerial volumes that
narrow at the water line. To represent these moulins simply, we design goblet and bottle-shaped
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moulins that comprise two stacked cylinders of different radii (Fig. 3.5f-j). We use these moulins to
explore a hypothetical large change in volume above heq or just below the lowest head (Fig. 3.5k-o).
First, we test how the equilibration timescales are affected by an abrupt change in shape. In
contrast to the lack of impact of moulin wall slope (Fig. 3.2(g-i), we find that abrupt enlargement or
reduction of moulin size at heq substantially changes the oscillation and damping timescales for the
same meltwater input. We find that bottle-shaped moulins have faster equilibration timescales than
cylindrical moulins, while hourglass-shaped moulins require more time for the head to equilibriate
(Fig. 3.A.3).
We also tested how this abrupt change in volume affects the head oscillations with diurnally
varying meltwater input (Fig. 3.5). We find that abrupt changes in moulin radius around heq affect
the amplitudes of the oscillations in h and S. This is despite the fact that all moulins we tested
have identical radii for some 60% of the depth. An increase of the moulin radius by just one
meter (10%) reduced the amplitude of the water oscillations by a third (Fig. 3.5f-j, black and blue
lines), suggesting that strongly dampened water level oscillations can occur in moulins with a wide
chamber above the water line, regardless of their shape below the water line. In contrast, goblet
and bottle-shaped moulins in which the cylinders of different radii join below the oscillation range
(Fig. 3.5k-o) do not show variations in the pattern or amplitude of water oscillation. These final
simulations illustrate that water level oscillations are insensitive to static storage volumes that are
always below water level.
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Cylinder
Goblet - Bottle
Figure 3.5: Timeseries of head (h), channel cross-sectional area (S), and dimensionless meltwater input frequency (f ∗ ), for a daily sinusoidal Qin oscillating from 2.6 to 3.4 m3 /s for multiple
idealized moulin shapes. Panel a-d: Cylindrical moulins. Panel e-h: The radius is fixed below
equilibrium head ( heq ) and changes above heq . Panel i-l: The radius is fixed just above the lowest
head and changes only below the lowest water line.
3.6
3.6.1

Discussion
Controls on head variability
Moulin storage modulates changes in subglacial pressure by regulating variations in moulin

hydraulic head (Covington et al., 2012; Covington et al., 2020). Here, we examine how vertical
changes in moulin storage impact the amplitude and form of moulin head oscillations. Moulins act
as low pass filters between meltwater inputs at the surface and englacial discharge into the subglacial system, removing high-frequency oscillations and transmitting low-frequency oscillations.
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This low pass filter behavior can be quantified using the dimensionless oscillation frequency, f ∗ ,
where oscillations that occur on timescales such that f ∗ & 1 will be strongly damped.
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Figure 3.6: The amplitudes and shapes of moulin head (h) oscillations for selected dimensionless
meltwater input frequency (f ∗ ) at peak head ( hpeak ) and at equilibrium head ( heq ). Black lines
show a single period of head oscillation. Blue shading shows the moulin shape within the range of
water level oscillation. Moulin shapes are scaled consistently against the head time series and with
one another. All moulin shapes are symmetric about heq . Values of f ∗ are highlighted in grey.

The storage that impacts the head oscillations in the moulin is the storage within which the
head varies. We define the storage that is filling and draining as dynamic storage, and the storage
that is always full of water as static storage. Note that static storage at the daily timescale could be
dynamic at a longer timescale. The impact of dynamic storage on the water level patterns that we
observe can be categorized using the values of f ∗ at the equilibrium head elevation, f ∗ (heq ), and at
the peak head elevation, f ∗ (hpeak ). We generalize these patterns of behavior in Figure 3.6, where
we display selected 24 h head oscillations for specific choices of f ∗ (heq ) and f ∗ (heq ).

85

Cylindrical moulin cases are depicted along the diagonal of Figure 3.6(a,e,k), where one
can see the effect of increases in dimensionless meltwater input frequency leading to decreases
in oscillation amplitude. However, oscillation amplitude also decreases if moving along an axis
of increasing f ∗ (heq ) or increasing f ∗ (hpeak ) (Fig. 3.6b,c,f), suggesting that average f ∗ within
the range of oscillation is responsible for controlling amplitude. The peakedness of moulin head
oscillations is controlled by whether f ∗ decreases or increases as the water level approaches a
peak or trough. Diamond-shaped moulins, which fall below the diagonal in Figure 3.6 and have
f ∗ (heq ) > f ∗ (hpeak ), produce sharply peaked oscillations. Hourglass-shaped moulins, which are
located above the diagonal in Figure 3.6 and have f ∗ (heq ) < f ∗ (hpeak ), produce rounded oscillations. For the diamond-shaped cases, cross-sectional area decreases towards the peaks and troughs.
These decreases in Ar drive an increase in the rate of change of in head, leading to sharpening of
the peaks. Similarly, if Ar increases towards peaks and troughs, then the rate of change in head
will be reduced near peaks and troughs, producing rounded peaks. Therefore, in addition to the
low pass filter behavior of moulins, changes in storage with depth can alter the temporal shapes
of water level oscillations. Therefore, it may be possible to constrain the shapes of moulins using
time series of moulin water levels observed in the field.

3.6.2

Potential shapes of Greenland Ice Sheet moulins
Here we have used idealized shapes to explore, in general, how moulin shape might influ-

ence subglacial water pressure dynamics. Real-world moulins are likely to display a more limited
range of shapes than we modeled. In general, moulins will evolve through a combination of melt
due to turbulent flow of water and viscous and elastic deformation of the ice (Catania & Neumann,
2010; Poinar et al., 2017). Is it not clear, however, whether moulins often evolve to an equilibrium
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form or whether moulin lifetimes are sufficiently short that they are abandoned before the drivers of
expansion and contraction can reach a balance. However, the size of a moulin should be correlated
to the size of the supraglacial stream feeding it. This likely restricts plausible ranges of f ∗ , which
depends linearly on moulin volume and inversely on meltwater discharge.
Limited field observations inside the Greenland Ice Sheet (Covington et al., 2020; Reynaud
& Moreau, 1994) have never extended beyond the upper 10-20% of the ice thickness, because
moulins have been water filled below that depth at the time of exploration. Water levels in the fall,
when exploration is possible, may also be somewhat higher than average summer water levels and
geometries may be modified, due to creep closure. Some observed moulins also have ranges of
water level oscillation that are much larger than the explored thicknesses (Andrews et al., 2014),
highlighting additional uncertainty on moulin shapes within the relevant range of water level oscillations. Nevertheless, observations in the upper parts of moulins suggest that goblet shapes may
be more plausible than bottle shapes. Some explored moulins are roughly cylindrical with a reduction of diameter at the water line, as observed in a moulin in the same area as the FOXX moulin
(monitored by Andrews et al. (2014) and explored by Covington et al. (2020)) and in the Isortoq
moulin (Reynaud & Moreau, 1994). Phobos moulin was roughly goblet-shaped, with a large chamber just above the water level (Covington et al., 2020). We use the bottle shape moulin here as an
end-member case to understand how head dynamics relate to moulin shape, but it is unclear what
physical processes could produce such a shape. Phobos moulin did narrow substantially near the
ice surface, but it is unknown whether water levels would ever reach that high.
Goblet-shaped moulins could be produced by differential melting of the walls, with more
melt above the equilibrium water level than below, or by strong creep closure of the ice at depth.
Field observations show that moulins tend to form in pre-existing crevasses or shear fractures (King,
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2018; Smith et al., 2015). Such crevasses or fractures could also create zones of preferential melt,
wherein waterfall erosion processes and supraglacial stream knickpoints could more rapidly enlarge
moulin cross-sections. Because creep closure is relatively slow in the top 100 meters of an ice
column, these goblet shapes should tend to be available for reuse from year to year (Catania et al.,
2008). It is unclear if reused moulins provide more storage than newly formed moulins, as the
moulin partially creeps closed at the end of the melt season.

3.6.3

surface
porosity

b

c

Head

a

Implications for large-scale glacier hydrological models
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Figure 3.7: Conceptual sketch of englacial storage and englacial void ratio as a function of depth
for idealized moulin shapes. The total stored water (a) gradually increases with increases in head,
while the englacial void ratio (b) only changes when the radius of the moulin changes. (c) Representations of moulin profiles plotted in (a) and (b). Black oscillating timeseries depict the amplitude
of water level oscillations in moulins when the water is at a specific depth. Oscillation amplitude is
not a function of total moulin/englacial storage, but the dynamic storage, which is localized within
the range of head oscillation.

Models simulating subglacial pressures at the glacier scale require a damping parameter that
simulates the temporary englacial storage of water. Without this parameter, water level amplitudes
are overestimated. This storage is usually quantified as an englacial void ratio or englacial void
fraction parameter, and is typically considered to be the volume of void space divided by the volume
of ice (De Fleurian et al., 2018; Downs et al., 2018; Flowers, 2015). Although overall storage in
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the glacier is important on longer timescales, we find that it is only the storage or englacial void
ratio within the head oscillation range, which we call the dynamic storage, that affects the water
level dynamics.
As we find that the head oscillation amplitudes are strongly affected by dynamic storage,
which are the storage volumes that fill and drain over the timescale of interest, we reflect here on the
extent to which different types of englacial storage contribute to this dynamic storage. We compare
five shapes to illustrate how total water storage and local englacial storage vary with depth (Fig. 3.7,
englacial storage elements are numbered from S1 to S6). Moulins sketched in Figure 3.7(S2-S4)
show that even though they have very different total storage capacities, they could induce similar
head oscillation ranges if the water level is close to their tops (upper sinusoids). In the case of much
lower water levels, though, the moulins would create very different oscillations (lower sinusoids).
The high dynamic storage in moulin S2 will dampen oscillations, whereas the low dynamic storage
in moulin S4 will enable large oscillations. Crevasses (Fig. 3.7-S5) connected to a moulin (Colgan
et al., 2011) could provide a substantial extra volume that could dampen oscillation amplitudes and
filter out high frequency variation . Without such a connection, crevasses could provide long term
storage at seasonal timescales (McGrath et al., 2011). Basal crevasses (Fig. 3.7-S1), if they are
connected to the channelized system, would only influence the oscillation dynamics if the water
level was below the top of the crevasse. They have been found in drilling (Harper et al., 2010) and
seem to be present when basal water pressures are above overburden pressure (van der Veen, 1998).
Therefore, they may be more likely in the weakly connected portion of the bed that has higher water
pressure than the channelized system (Andrews et al., 2014; Wright et al., 2016). The porosity at
the surface (S6), while it could delay the arrival of meltwater to the moulin, is a storage element

89

that is completely decoupled from basal water pressure, as it is not typically directly connected
with the subglacial hydrological system.
Models typically treat storage as homogeneous, and therefore independent of vertical position (Banwell et al., 2016; De Fleurian et al., 2018; Flowers, 2015; Flowers & Clarke, 2002).
However, storage is a function of depth (Fig. 3.7). We find that the storage volume, or englacial
void, that will affect basal water pressure dynamics in the channelized and surrounding distributed
portions of the bed is the volume of moulins and connected crevasses within the range of head variation. The equilibrium head in a moulin (Meierbachtol et al., 2013; Röthlisberger, 1972), which
is not influenced by the moulin shape but by the glacier characteristics (e.g. ice thickness, subglacial channel length) and the rate of discharge, can be predicted and is shown in Figure 3.A.4 for
a wide range of mean meltwater inputs. The size and shape of the storage volume near equilibrium
head, which is expected to be up to a few hundreds of meters below the surface, likely controls the
amplitude and shape of daily head oscillation and has the ability to filter out meltwater variability
with sufficiently high frequency (f ∗ & 1). Because moulins are directly connected to the efficient
channelized system the dynamic portion of the moulin may represent a substantial percentage of
the englacial void ratio used in subglacial hydrology models.

3.6.4

The impact of moulin shape on subglacial connectivity and ice speed
While this study investigates how moulin shape modulates water pressures within sub-

glacial channels, we use our results to infer how moulin shape influences sliding speeds on seasonal
timescales. Observed late melt season slowdowns have been attributed to the dewatering of isolated
or weakly connected cavities (Andrews et al., 2014; Hoffman et al., 2016) Here, we consider the
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Figure 3.8: A comparison of the oscillation range for three example moulin shapes and the potential impact on the weakly connected portion of the bed. Light and dark blue indicate the ranges of
oscillation in moulin water level and cross-sectional area of the subglacial channel. The brown striations represent the spatial range of influence of the moulin over the surrounding weakly connected
bed, with larger pressure oscillations leading to a larger area of influence.
potential role of moulin shape in this dewatering process by comparing goblet and bottle-shaped
moulins to the standard cylindrical shape (Fig. 3.8).
When compared to a cylindrical moulin (Fig. 3.8a), a goblet-shaped moulin (Fig. 3.8b)
will have smaller diurnal water level oscillations whereas a bottle-shaped moulin (Fig. 3.8c) will
have larger oscillations. Larger amplitude water level oscillations should induce stronger subglacial
water pressure gradients, forcing water further out into the neighboring distributed drainage system.
This could potentially lower pressures within a larger number of weakly connected cavities and
connect a larger portion of the surrounding distributed system (Fig. 3.8c). On the other hand, a
moulin with smaller oscillations would have less ability to grow connectivity within the surrounding
bed.
As long-term ice velocities are thought to relate to the weakly connected portion of the bed,
short-term pressure variability may play an important part in determining whether early melt season
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increases in sliding speeds are offset by slowdowns later in the melt season. Our results show that
moulin shape and size do influence pressure variability, we need better constraints on the sizes and
shapes of moulins and whether they differ systematically across the ice sheet.

3.6.5

Complementary approaches to constraining the role of moulins on ice-sheet hydrology
We have shown that equilibration timescales, oscillation amplitude and shape, as well as

short term englacial storage are affected only by volume and changes in volume with height within
the head oscillation range. Therefore, characterizing the shapes of the upper portions of moulins
will provide constraints for model storage parameters and aid in interpretation of field data.
In order to appropriately represent the englacial storage directly connected to the subglacial
channel system, we need to determine not only the moulin density and distribution that can be
estimated from satellite imagery (Phillips et al., 2011; Smith et al., 2015), but also the geometry of
moulins below the surface; however, if non-cylindrical moulins are prevalent, it may not be possible
to infer the cross-sectional areas of moulins relevant for dynamic storage from satellite imagery, or
even from surface observations, since volumes at depth may be very different than those observed
at the surface. Moulin exploration is difficult, but continued mapping of moulins could provide
precious data to constrain the plausible range of dynamic storage volumes within the Greenland Ice
Sheet. While exploration and mapping of moulins will provide needed initial information on the
typical sizes and shapes of moulins and the factors that influence them, the resources needed in such
exploration will limit the number of moulins that can be explored. Therefore, it is also necessary
to understand the processes that lead to the creation of different shapes by modeling of moulin
evolution. In this study, we simulated water level within moulins with a static shape. The time
evolution and lifetimes of moulins will also likely influence how moulins modulate subglacial water
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pressures. A physically based model for moulin evolution, informed by field observations from
moulin exploration could provide the information needed to extrapolate dynamic storage volumes
across an ice sheet scale.
Finally, the model we use represents a single moulin connected to a single channel. In reality, moulins are connected to a network of subglacial channels, exchanging and regulating meltwater inputs with each other. Therefore, understanding how a complex network of moulins interacts
will be necessary to get a full picture of the impact of moulins on subglacial pressures. Since prior
observations of nearby moulin water levels suggest rapid equilibration of heads through the subglacial system (Andrews et al., 2014), it seems likely that the dynamic storage governing water
pressure variability represents an areally-weighted storage volume across many coupled moulins
within a region of the ice sheet.

3.7

Conclusion

We use a simplified model of a subglacial conduit coupled to a moulin to explore relationships between moulin shape and head variation. Our results show that the shapes of the moulins can
affect the head dynamics. We also find that the moulin volume localized around the equilibrium
head is the main control on the temporal pattern of head oscillations. More specifically, the size of
the moulin at and around the equilibrium head position controls the amplitude of the oscillations,
while the shape of the moulin controls the shape of the peaks and troughs in water level. We show
that the englacial void parameter, used to account for englacial storage in glacial hydrological modeling, can be quantified by moulin volumes at and around heq (dynamic storage), and not by the
overall volume of water held in moulins within a glacier (static storage).
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In addition, we find that the dynamic storage of moulins dictate the magnitude of subglacial
pressure increases associated with short-term perturbations in supraglacial runoff. The presence
of large voids just above the equilibrium head position can strongly dampen the head oscillation
amplitudes, even if the rest of the moulin has a relatively small diameter. Such small amplitude
oscillations may inhibit the growth of connectivity within the surrounding weakly connected bed
and potentially reduce the mid-to-late-season ice sheet slow down caused by sustained large meltwater inputs to the bed. Future modeling or mapping of moulins would enable better constraints on
realistic ranges for dynamic storage within moulins and the controls on that storage, and therefore
would improve understanding of the impact of meltwater on ice motion.

3.8

Code and data availability

The code used to make the simulations and create the figures is available on github repository cctrunz/ModelRepo_MoulinShapeStoragePaper. We will create a DOI for the final version of
the repository after the paper is accepted.
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Appendices

3.A

Appendices

Introduction The supporting information provides additional information about the simulations
and methods. Text 3.A.1 provides additional information about the equations used in the model.
Text 3.A.2 shows the derivation for the change in head with cylindrical and non-cylindrical moulins.
Text 3.A.3 describes our moulin shape parameterization for constant meltwater input. Figure 3.A.1
and Figure 3.A.2 provide visualizations of the damping and oscillation timescales. Figure 3.A.3 is
an additional figure showing how an abrupt change in radius impacts the equilibration timescales.
Figure 3.A.4 demonstrates the how the equilibrium head changes across the ice sheet. Figure
3.A.5 shows the parametrization of moulin shape for an oscillating meltwater input. Table 3.A.1
to 3.A.3 summarize the input parameters and some output results for all the simulations and figures
in the paper.
Text 3.A.1. The model is composed of two coupled differential equations simulating the time
evolution of moulin head (h) and the subglacial channel cross-sectional area (S). The rate of change
of head (h), or water level, within the moulin, is given by

dh
1
=
(Qin − Qout ) ,
dt
Ar

(3.9)

with Ar the cross-sectional area of the moulin, Qin the meltwater input into the moulin, and Qout is
given by
Qout = C3 S 5/4

p

ρw gh/L,

(3.10)
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with L the channel length or, equivalently, the distance between the moulin and the ice-sheet mar√
√
√
gin, ρw the water density, g the gravity, and C3 a flux parameter C3 = 25/4 π/(π 1/4 π + 2 ρw f ,
where f is the Darcy friction factor.
The coupled subglacial channel creep and melt equation is based on the Röthlisberger
(1972) and Nye (1976) description of R-channels and is given by

dS
= C1 C3 S 5/4
dt



ρw gh
L

3/2

− C2 (Pi − ρw gh)n S,

(3.11)

with a melt opening parameter C1 = 1/(ρi L), a viscous creep closure parameter C2 = An−n where
ρi is the ice density, A is Glen’s law fluidity coefficient and n the exponent in Glen’s law.
The model makes the following assumptions: (1) there is no bed slope; (2) the channel water
pressure linearly decreases from the head in the moulin to atmospheric pressure at the margin; (3)
melt and creep dynamics within the channel are controlled by the water pressure and ice thickness
in the vicinity of the moulin.
Text 3.A.2. Here we derive the moulin radius as a function of elevation .

Case for a cylinder

The continuity equation says that for ∆t, the change in storage, ∆S, equals

the input meltwater, Qin , minus the discharge out of the channel, Qout , times ∆t, or

∆S
= Qin − Qout
∆t

(3.12)

For each timestep, the storage of water ∆S = Ar ∆h. If we plug in this relationship to Equation
3.12, then we get:
∆(hAr )
= Qin − Qout
∆t

(3.13)
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If we rearrange then we obtain:
∆h
Qin − Qout
=
∆t
Ar

(3.14)

If ∆t −→ 0 then:
lim [

∆t→0

Case for a frustum

∆h
dh
dh
Qin − Qout
]=
⇒
=
∆t
dt
dt
Ar

(3.15)

If we use Equation 3.12 and plug in the volume of a frustum ∆S = 13 π(r12 +

r1 r2 + r22 )∆h. We obtain
∆h
Qin − Qout
= 1
∆t
π(r12 + r1 r2 + r22 )
3
We then define r1 , r2 w.r.t. ∆h or ∆t. The slope m =
∆r = r2 − r1 =

∆h
m

∆h
∆r

. Therefore, we can express r2 = r1 +

(3.16)

and the change between the radius
∆h
m

and replace r2 in Equation 3.16,

giving
∆h
=
∆t

π 2
r
3 1

Qin − Qout
+ (r1 r1 + ∆h
) + (r1 +
m

∆h 2
)
m

(3.17)

We distribute and reorganize the denominator and get

∆h
Qin − Qout
=
2
2
∆t
πr + πr ∆h
+ π3 ∆h
m
m2
If ∆t −→ 0, ∆h −→ 0 , then

2r1 ∆h
m

and

∆h2
m2

(3.18)

−→ 0 , we are left with πr2 at the denominator and

we recover the continuity equation (3.12) for a cylindrical moulin:

dh
Qin − Qout
Qin − Qout
=
=
dt
πr2
Ar

(3.19)
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Text 3.A.3. Here we describe our moulin shape parameterization for constant meltwater input.
We use a cone shaped moulin with various wall slopes and the radius fixed at a certain depth. To
explore equilibration timescales, we use a conical frustum with rbase /rtop can be greater than or less
than 0.
Ar (z) = π(mz + rbase )2

(3.20)

To fix the radius at the middle of the ice thickness, we define the base radius to be

rbase = rheq − m(H/2)

(3.21)

. To fix the radius at equilibrium head, we define the base radius to be

rbase = rheq − mheq

(3.22)
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Damping (τdamp)
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heq
Oscillation (τosc)

t (days)

Figure 3.A.1: Oscillation of head during equilibration. The solid line shows the full numerical
result, and the dashed line shows the fit of an idealized solution for a damped harmonic oscillator.
The simulation is for a cylindrical moulin, with Qin = 3m3 /s and r = 10m.
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Figure 3.A.2: Comparison between simulated and fitted oscillations for many cases.
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Figure 3.A.3: Timeseries of head (h) and channel cross-sectional area (S) for a fixed meltwater
input Qin for bottle-shaped moulins (red and yellow), a cylindrical moulin (black) and hourglassshaped moulins (blue and purple)

Elevation above bed (m)

Ice surface
Flotation head
heq for discharge:
-

Distance from margin (km)

Figure 3.A.4: Equilibrium head (heq ) along an ice sheet profile for a wide range of Qin . Equilibrium
head (heq ) calculated with the model depends on channel length, ice thickness, and Qin .
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a) z
H
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b) z
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heq
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Figure 3.A.5: Cartesian coordinates of the moulin shape used for the simulation with oscillating meltwater input. Parameterization for hour-glass, diamond and superposed-cylinder shaped
moulin. To explore oscillating meltwater input, we define the shape by interpolating the radius
defined in the cartesian coordinate system, with r in the x axis, and z in the y axis. Shape coordinates are displayed in Figure 3.A.5. The radius (r) is interpolated every meter along the axis z. (a)
Hour-glass and diamond shaped moulins are defined by five points. (b) Goblet and bottle shaped
moulins defined by four points.
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Table 3.A.1: Constants and model parameters used in the simulations.
Symbol Value
Description
3
ρw
1000 kg/m
water density
ρi
910 kg/m3
ice density
2
g
9.8 m/s
gravitational acceleration
f
0.1
Darcy Weissbach friction factor
Lf
3.32e5 J/kg
latent heat of fusion
3
A
6e-24 1/P a s
basal softness
n
3
flow law parameter
C1
1/(ρi Lf )
C2
2An−n
√
√
√
C3
25/4 π/(π 1/4 π + 2 ρw f
flux parameter
Qinmean 3 m3 /s
mean meltwater input into
moulin
3
Qinmin
2.6 m /s
minimum daily meltwater input (used for sine func)
Qinperiod 1 day
period for oscillatory meltwater input
H
1000 m
thickness of the ice
L
30000 m
length of the subglacial channel
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Table 3.A.2: Parameters and outputs for simulations with constant Qin in Figure 2 (main text). The
radius (r) is in meters and the slope (m) is given in percent (%) and degrees (◦ ) from the vertical
axis.
Parameter Value Unit Description
Qin
3
m3 /s Constant meltwater input
t0
0
d
Initial time
tf
100
d
Final time
H0
6
m
Ice thickness
h0
1.1heq
m
Initial head
S0
1.1Seq
m
Initial subglacial channel cross-section
heq
795
m
Equilibrium head
Seq
1.08
m
Equilibrium subglacial channel cross-section
plot color
Cylinder
m
r(m)
Cone H/2
m%
m◦
rmiddle
rheq
rbase
rtop
Cone heq
m%
m◦
rheq
rbase
rtop

red

yellow

black

blue

purple

0
5

0
7.5

0
10

0
12.5

0
15

-2
-1
-1.15 -0.57
10
10
5
7.5
20
15
0
5

0
0
10
10
10
10

1
2
0.57 1.15
10
10
12.5 15
5
0
15
20

-6
-3
-3.43 -1.72
10
10
25
17.5
5
7.5

0
0
10
10
10

3
6
1.72 3.43
10
10
2.5 -5
12.5 15
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Table 3.A.3: Fitting parameters for simulations in Figure 2 (main text). The damping timescale
(τdamp ), the period of oscillation (τosc ), the amplitude (a) in meters, and the phase shift (φ) in days.
A visual comparison between simulations and fits is provided in Figure 3.A.2.
Cylinder radius τdamp τosc
a
φ
red
5.0 0.94 1.64 0.14 2.65
yellow
7.5 2.23 2.53 0.11 2.49
black
10.0 4.08 3.42 0.09 2.37
blue
12.5 6.61 4.30 0.09 2.28
purple
15.0 10.00 5.18 0.08 2.20
Cone H/2 slope τdamp τosc
a
φ
red -0.02 1.18 1.75 0.12 2.73
yellow -0.01 2.34 2.56 0.10 2.52
black
0.00 4.08 3.42 0.09 2.37
blue
0.01 6.53 4.28 0.09 2.26
purple
0.02 9.87 5.14 0.09 2.18
Cone heq slope τdamp τosc
a
φ
red -0.06 4.22 3.44 0.08 2.49
yellow -0.03 4.18 3.43 0.09 2.43
black
0.00 4.08 3.42 0.09 2.37
blue
0.03 3.86 3.37 0.10 2.31
purple
0.06 3.29 3.25 0.11 2.24
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Table 3.A.4: Parameters and outputs from graphs for oscillating Qin , Figure 4 and 5 (main text).
The radius (r) is in meters.
Parameter Value Unit Description
Qmean
3
m3 /s Mean meltwater input
Qmin
2.6
m3 /s Minimum meltwater input
Qperiod
1
d
Period of oscillation of meltwater input
t0
0
d
Initial time
tf
50
d
Final time
H
1
km Ice thickness
L
30
km Subglacial channel length
heq
745
m
Equilibrium head
plot color
red yellow
cylinder
r (m)
1
3.5
Hourglass-Diamond 1
r
1
2
rheq
5
5
Hourglass-Diamond 2
r
5
5
rheq
1
3.5
Diamond
r
1
1.5
rheq
5
5.5
Hourglass
r
5
6.5
rheq
1
2.5
Bottle-Goblet 1
rtop
3
4
rbase
5
5
Bottle-Goblet 2
rtop
5
5
rbase
1
2

black

blue

purple

5

8

15

5
5

10
5

19
5

5
5

5
8

5
15

2
6

4
8

10
14

8
4

10
6

18
14

5
5

6
5

10
5

5
4

5
6

5
12

110

3.B

References

Morlighem, M., Williams, C. N., Rignot, E., An, L., Arndt, J. E., Bamber, J. L., Catania, G.,
Chauché, N., Dowdeswell, J. A., Dorschel, B., Fenty, I., Hogan, K., Howat, I., Hubbard,
A., Jakobsson, M., Jordan, T. M., Kjeldsen, K. K., Millan, R., Mayer, L., … Zinglersen,
K. B. (2017). BedMachine v3: Complete Bed Topography and Ocean Bathymetry Mapping of Greenland From Multibeam Echo Sounding Combined With Mass Conservation.
Geophysical Research Letters, 44(21), 11, 051–11, 061.
Nye, J. F. (1976). Water Flow in Glaciers: Jökulhlaups, Tunnels and Veins. Journal of Glaciology,
17(76), 181–207.
Röthlisberger, H. (1972). Water Pressure in Intra- and Subglacial Channels. Journal of Glaciology,
11(62), 177–203.

111

4

Modeling evolving moulin shapes

OBSERVED AND MODELED MOULIN WATER LEVELS IN THE PÂQITSOQ REGION IN
GREENLAND REQUIRE SUBGLACIAL BASEFLOW

4.1

Abstract

In the ablation zone of land terminated area of the Greenland Ice Sheet, water pressures at
the bed of the Greenland Ice Sheet control seasonal and daily variation in ice motion velocities.
During the melt season, large amounts of surface meltwater access the bed through moulins, which
establish and sustain an efficient channelized subglacial system. Simulations of moulin hydraulic
head over-predict the diurnal range of oscillation of the head when simulated with field measured
surface input, or use large moulin or englacial void ratio to counteract the effect of the forcing
variability. Here, we use a recently developed Moulin Shape (MouSh) evolution model coupled
with a single subglacial channel to simulate head measurements from a moulin in the Pâkitosq
region in Greenland, with meltwater forcing calculated using field acquired weather data. The
simulations predict a moulin much smaller than required to dampen the large diurnal range of
the forcing input. Therefore, non-local influence, such as the addition of subglacial baseflow, is
necessary to accurately match the observed diurnal range of head oscillation. We hypothesize
that this additional baseflow is reflects strong network connectivity with other moulins through the
channelized system, which might be supplemented by basal or non-local upstream inputs. Increased
subglacial flow prevents subglacial conduits from creeping closed during low surface input events,
keeping the subglacial channel large enough to absorb high input events without overflowing. A
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recent study demonstrated a similar need for additional subglacial baseflow to explain the sustained
tracer velocities in a low surface input event, which is consistent with our results. This interconnectivity and non-local influence of the subglacial drainage system demonstrates the complexity
of the impact water in glaciers and the need for introducing or improving hydrology components
of glacier and ice sheet models.

4.2

Introduction

The Greenland Ice Sheet has been experiencing increased mass loss due to surface melting and the motion of the ice because of climate change (Hanna et al., 2008; Hanna et al., 2020).
The surface melt is routed through supraglacial streams in internally drained catchments (Yang &
Smith, 2016) and flows to the bottom of the glacier through moulins. Moulins are large vertical
shafts which open or re-activate at the beginning of the melt season due to hydro-fracture (Das
et al., 2008) and are initiated by the flow of supraglacial streams in crevasses (King, 2018b; Smith
et al., 2015). It has been shown that spatial (Banwell et al., 2016) and temporal (Schoof, 2010)
supraglacial meltwater input variability impact glacier ice motion acceleration or deceleration. The
amount, position and timing of meltwater infiltration into moulins and crevasses determines local
and regional ice motion, and ice motion influences melting of the ice sheet, which in turn impacts
sea level. The subglacial drainage system is thought to be composed of an efficient and an inefficient portion (Röthlisberger, 1972; Walder, 1986). Throughout the melt season, the efficient
channelized system can increase the connectivity of high pressure cavities from the inefficient system and influence seasonal ice motion (Andrews et al., 2014; Hoffman et al., 2016).
Diurnal ice motion cycles during the melt season are mainly influenced by the efficient
drainage system composed of subglacial channels. The large meltwater input to moulins initiates
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and sustains the growth of subglacial channels, while the ice pressure drives creep closure when
meltwater inputs reduce. While subglacial channels may flow in open channel conditions close to
the margin, inland on the ice sheet they are constantly filled with water and under pressure. Consequently, moulin water level reflects the water pressure in the subglacial channel in the vicinity of
the moulin, and decreases along the subglacial channel towards the margin, due to frictional loss
of energy. The daily cycle in ice velocity is caused by diurnal fluctuations in meltwater inputs,
which induce diurnal water pressure variation in moulins and connected portions of the subglacial
channels (Bartholomew et al., 2012; Willis, 1995). However, field measurement of moulin hydraulic head fluctuations are sparse in Greenland (Andrews et al., 2014; Bartholomew et al., 2012;
Covington et al., 2020) as well as in other glaciers (Badino & Piccini, 2002; Iken, 1972),
Therefore, modeling moulin water pressure fluctuations is crucial to understand how the dynamics of Greenland Ice Sheet motion are influenced by meltwater infiltration. Two dimensional
models simulate water pressure fluctuations induced by moulin inputs and cavity sliding as a continuum, with cells able to behave as either a channel or a cavity (i.e. Schoof et al., 2012; Sommers
et al., 2018). This type of model often does not consider englacial storage but focuses primarily on
pressure across the bed. Other types of two dimensional models simulate the channelized drainage
system as a system of pipes (e.g. Banwell et al., 2013). Such models generally require a large number of parameters that often are unknown or uncertain. Therefore, simpler physically based models
have frequently been used to simulate water pressures in subglacial channels (Röthlisberger, 1972),
with a subglacial channel that can melt and creep (Schoof, 2010; Spring & Hutter, 1981), connected
to cavities (Bartholomew et al., 2012; Schoof, 2010) or without cavities (Bartholomew et al., 2012;
Covington et al., 2012a; Cowton et al., 2016; Meierbachtol et al., 2013). Some studies have this
subglacial channel model coupled with the storage in a moulin (Bartholomew et al., 2012; Cov114

ington et al., 2020; Covington et al., 2012b; Cowton et al., 2016; Werder et al., 2013), usually
described as cylindrical or conical. Because moulin volumes in the range of water level oscillations influence the amplitude and shape of diurnal oscillations Trunz et al., 2021; Werder et al.,
2010, and because simulations with realistic surface inputs into moulins require large or additional
subsurface storage (Bartholomew et al., 2012; Covington et al., 2020; Hoffman et al., 2016), it
is essential to constrain moulin shape and storage capacity and to identify the role they play in
modulating moulin head variation.
In this study, we investigate the hydro-glacial dynamics in the subglacial system using a single conduit model that we force with field constrained meltwater input, coupled with the MouSh
model which evolves moulin shape and consequently controls moulin storage. We compare modeled hydraulic head fluctuations with field measurements from a moulin in the Greenland Ice Sheet.

4.3

Field site

As part of the MoVE project, in 2017 we collected moulin hydraulic head and supraglacial
stream discharge measurements just upstream of an instrumented moulin. The moulin (JEME) was
located near our “Low Camp” (Fig. 4.1a-b) in the Pâkitsoq region of the Greenland Ice Sheet. It
was approximately 25 km from the ice sheet margin (69.4741◦ /-49.8232◦ , EPSG:4326 - WGS84)
at 780 m.a.s.l. with an ice thickness estimated at 500 m from BedMachine (Morlighem et al., 2017).
For simplicity, throughout the text we refer to these field sites as the “moulin” and the “stream”.
We derive moulin hydraulic head timeseries from moulin water pressures collected from
July to October 2017 with a timestep of 15 minutes (Mejia et al., 2020b), using bed elevations from
Bedmachine (Morlighem et al., 2017) as the reference for calculating hydraulic head. We force
the coupled MouSh - subglacial channel model using observed supraglacial stream discharge and
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Figure 4.1: Study site. (a) Satellite imagery from 2019 (Sentinel-2) of the Pâqitsoq region in Greenland (EPSG:3413 - WGS 84 / NSIDC Sea Ice Polar Stereographic North - Projected). The field site
is indicated with the black box (b) The Low Camp field site (orthophoto produced with composite
aerial imagery taken with a “Tuffwing” Uncrewed Aerial Vehicul (UAV) in July 2017. (c) Detail
surrounding the moulin. The arrow indicates the position of the cable where it disappeared under
the snow and entered the moulin.
compare the model output to the moulin hydraulic head we measured during the melt season from
mid-July to the end of August 2017.
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4.4

Model and methods

We simulate the size, shape, and hydraulic head of a moulin instrumented in the field using
the Moulin Shape (MouSh) model (Andrews et al., 2021) coupled to a subglacial channel model
from (Covington et al., 2020) based on the Schoof, 2010 equations for melt and creep closure.
All the components of the model are illustrated in Figure 4.2. We force the model with
varying surface input with an amplitude (Ain ) and mean discharge (Qin ) , which induces head (h)
oscillations around the equilibrium head (heq ) with an amplitude of oscillation (Ah ). The storage
in the moulin is controlled in part by the moulin radius (rm ) and the subglacial channel radius (rsc ).
In this study, we also input a subglacial baseflow that can be constant, or that can oscillate around
a mean (Qbf ) with an amplitude (Abf ), also qualitatively illustrated in Fig. 4.2.
Supraglacial stream

Ain

Qin

Qin

H

A* = A/Q
Moulin

rm
h

Ah

heq
Subglacial channel

Qbf

Baseflow

Abf

rsc

Qbf

Qout

Figure 4.2: Sketch of the elements of the model, showing water fluxes (Qin , Qbf , Qout ), moulin and
subglacial channel radii (rm , rsc ), ice and water heights (H, h), and fluctuation amplitudes (Ain ,
Abf , Ah ).
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4.4.1

Meltwater input
We force the model with surface meltwater input (Qin ) (Fig. 4.2). We define two different

versions of Qin based on the two days of discharge measurements (Fig. 4.3d) that we collected
upstream of the moulin, in order to extended it to cover the entire melt season. First, we use a
modeled surface input calibrated with the discharge measured in the field. We further generalize
our field observations using an idealized sinusoidal meltwater input. This sinusoidal forcing has
an amplitude of oscillation Ain , and a mean, Qin , as seen in Fig. 4.3e.

Measured stream discharge
We measured the discharge (Qin,meas ) of the supraglacial stream about 100 m upstream of
the moulin, with a fluorescent dye dilution method. We injected a Rhodamine WT solution with
a peristaltic pump at a an approximate rate of 2 ± 0.5 mL/min (Qpump ). We measured the dye
concentration (Cstream ) with a Turner Cyclops-7 submersible fluorometer calibrated in the field and
positioned 100 m downstream of the injection site. We used an injection concentration (Cinjection )
of 200 ppb, and calculated the stream discharge using

Qin,meas = Cinjection × Qpump /Cstream

(4.1)

Figure 4.3 shows the stream flow time series obtained, with a duration of about two days. This
record was used to calibrate the modeled discharge. We estimated the error of measurements to ±
25% due to small variations in pump rate from 1.5 to 2.5 ml/s.
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Figure 4.3: Surface stream discharge from July 1-11, 2017 as measured (Sect.4.4.1), modeled
(Sect. 4.4.1), and idealized (Sect. 4.4.1) for input into the MouSh model.
Modeled stream discharge
To extend the discharge record beyond the short period of discharge measurement, we modeled the surface melt (M ) using an enhanced temperature-index melt model (Pellicciotti et al., 2005)
and weather data collected close to the moulin (Mejia et al., 2020a).
To more accurately represent the surface input, we add a routing delay to the surface melt
time series M by convolving the modeled melt with the unit hydrograph used by King (2018a) for
a similar Greenland supraglacial stream with

Qin,model = M ∗ UH,

(4.2)

 m      
t
−m tt
p
UH = e
e
Qp
tp

(4.3)

using the unit hydrograph UH:

m
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We use the measured 2.5 h time to peak (tp ) calculated by Mejia et al. (2021a) and empirically set the exponent m = 1, which is in the range of values used by King (2018a) and Smith
et al. (2017). We chose m = 1 because it most accurately reproduces the minimum discharge values (Fig. 4.3). We calculated the peak discharge (Qp ) with Qp = Cp /tp where Cp is an empirical
coefficient and for which we use the average value of 0.6 from Smith et al. (2017).
We convert measured melt rates (M , m/s) to runoff (R, m3 /s) as follows:

R = CM A,

(4.4)

where A is the area of the internally drained basin estimated to 0.24 km2 (Mejia, 2021), and C is
a runoff coefficient that we empirically adjusted to 0.9 to match the measured diurnal range of the
stream discharge. This runoff coefficient slightly higher than at another Greenland site (Smith et al.
(2017) found a range of values from 0.53 to 0.78). This could be explained by the fact that most
of our drainage basin is composed of bare ice, whereas Smith et al., 2017 inferred considerable
percolation through a local weathering crust, which would delay a greater fraction of the runoff
than at our site. In addition, errors in drainage basin estimations due to the flatness of the area
could have generated an under-, or overestimation of the basin area. Therefore, an underestimation
of the volume of melt produced within the catchment is not inconceivable.

Idealized discharge
To separate the impact of diurnal fluctuations of surface input from variations or events
happening on weekly or seasonal timescales, and to simulate an oscillating baseflow, we define an
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idealized sinusoidal water input. This enables us to identify the relative impact of a wide range of
subglacial baseflow, over our idealized surface input.
We calculate the idealized sinusoidal water input Qideal :

Qideal

A
= sin
2



2π(t + φ)
Posc


+ Q,

(4.5)

where A is the peak to peak amplitude of oscillation, Posc is the period of oscillation (one day in
this set of simulations), t is the time and φ is the phase lag, both in seconds, and Q is the mean
discharge.
For the idealized surface meltwater input Qin,ideal we assign Ain,meas = 0.22 m3 s−1 and
Qin,meas = 0.15 m3 s−1 based on the field data shown in Fig. 4.3. For the subglacial baseflow
(Qbf ) we use different baseflow amplitude of oscillations (Abf ) ranging from 0 to 0.44 m3 s−1 and a
mean subglacial baseflow (Qbf ) ranging from 0 to 5 m3 s−1 (Table 4.2).

Normalized diurnal surface input range
To analyse the impact of supraglacial discharge variability on the moulin hydraulic head
variations we introduce a parameter that quantifies the relative amplitude of oscillations using a
normalized diurnal input range, A∗in , with

A∗in = Ain /Qin ,

(4.6)

where Qin is the mean supraglacial stream discharge and Ain the peak-to-peak amplitude of oscillation.
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4.4.2

Moulin Shape (MouSh) model
To simulate the shape of the moulin and the hydraulic head fluctuations, we use the Moulin

Shape (MouSh) model (Andrews et al., 2021). The MouSh model is a 2-D physically based model
that simulates the depth-dependent size and shape of a moulin for specific glacier properties (ice
thickness, ice temperature, external stress) and for time-varying meltwater input forcing. The model
is composed of different components that enlarge or reduce the moulin width along each point of
a vertical axis, with the ability to melt the upstream and the downstream walls at different rates
(Fig. 4.4a). The melt component is strongly impacted by the meltwater input, while the creep and
elastic deformation components are primarily driven by the head, which counteracts the ice pressure. The MouSh model is coupled to a single subglacial channel (Andrews et al., 2021; Covington
et al., 2020; Trunz et al., 2021), using the melting and creep closure equations for a subglacial channel (Fig. 4.4c) from Schoof (2010). The cross-sectional area of the subglacial channel evolves depending on the hydraulic head, and controls the retention and evacuation of the water in the moulin
(Fig. 4.4b).
With realistic combinations of ice thickness and meltwater input, MouSh predicts head
positions consistent with the glacier geometry (i.e., head h between the bed and the ice surface).
For certain unusual combinations, MouSh predicts h > H, which is unrealistic and rarely observed
(St Germain & Moorman, 2019). Therefore, we set up a threshold in the model to prevent the head
from overflowing, which keeps the head at the ice thickness until the meltwater input decreases and
the subglacial channel is able to evacuate the water again. Simulations can be run with or without
this threshold.
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Figure 4.4: Sketch adapted from Andrews et al. (2021) representing the elements of the model. (a)
Five components of the MouSh model, (b) Hydraulic head variation along the conduit, (c) Evolution
of the subglacial channel with creep closure and melt of the walls.
In our sensitivity analysis of the model, Andrews et al. (2021) find that the equilibrium
head is in general not affected by the moulin geometry. On the other hand, softer ice or warmer
ice around the moulin can reduce storage capacity in the moulin, up to at least 20% (Andrews et
al., 2021). The softness of the ice at the bed and the moulin friction factor influence the moulin
geometry the most. Softer ice at the bed reduces the diurnal range of head amplitude by influencing
the rate of opening and closing of the subglacial channel, while increasing the friction by two orders
of magnitude below the water line will enhance the turbulent melting of the moulin wall and double
the storage capacity in the moulin. Finally, the mean position of the hydraulic head is controlled
by the total friction along the subglacial channel and an increase in roughness of the subglacial
channel wall or of the subglacial channel length will result in an increase in mean hydraulic head.
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Table 4.1: Constants and parameters common to all the simulations. The ice temperature profile
is from Lüthi et al. (2015).
Constants
Value
Units
Ice density
910
kg m−3
Water density
1000
kg m−3
Gravitational acceleration
9.8
m s−2
Latent heat of fusion
332000
J kg−1
3
Water dynamic viscosity
1.7916×10 Pa s
Water thermal conductivity
0.555
J (m K s)−1
Water heat capacity
4210
J (K kg)−1
Ice heat capacity
2115
J (K kg−1
Ice deformation enhancement factor
3
Young’s modulus
5×109
GPa
−24
Basal ice softness
6×10
Pa−3 s−1
Moulin friction factor, fm
1
Subsurface friction factor, foc
0.5
Subglacial friction factor, fsc
0.1
Parameters
Value
Units
Ice thickness, H
500
m
3
Distance to margin, L
25×10
m
Ice temperature, T
FOXX 1 °C
Regional surface slope, α
0.01
Initial moulin radius, rm (t = 0)
0.2
m
Initial moulin head, h(t = 0)
500
m
4.5
4.5.1

Results
Melt model calibration
The calibration of the melt model was based on visual observation with the measured stream

discharge time series. In Figure 4.3 we compare the three surface input time series as well as the
weather data used for the melt model. We can see a discrepancy between the relative amplitude
of days 204 and 205 between the measured and modeled stream discharge. This is because the
melt model under estimates melt when there is cloud cover (lower solar measured solar radiation
Fig. 4.3b). The increase in temperature (Fig. 4.3a) during the night after day 204 increases the
overall melt and is not well represented by the model. The stream water level (measured with a
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range finder Fig. 4.3d) agrees with the measured discharge, demonstrating that we might be missing
some detail in the surface input time series. Therefore, we set m and c to fit a middle ground between
day 204 and 205, that is representative of the overall amplitude of oscillation of the surface input.
Note that the surface input model employs a small number of parameters, therefore, it does not
match all variations in the measured input.

4.5.2

Simulation categories
To understand the relative response of the moulin head oscillations, we test different rep-

resentations of the englacial and basal hydrologic systems in our model. We compare the modeled
hydraulic head fluctuations to field observations (Sect. 4.3) to constrain possible states of subsurface hydrology, using surface input calculated with field data (Sect. 4.4.1) and constrained with
stream discharge measurements (Sect. 4.4.1). In order to constrain the properties of the subglacial
drainage system and its influence on the amplitude of the moulin hydraulic head oscillations, we
test different scenarios with fixed cylindrical moulin shape (0.5 and 5 m radius) or evolving moulin
shapes with and without additional subglacial water input (baseflow).
In Table 4.2 we list all the simulation parameters used in this study. We run simulation cases
with the field stream discharge with a fixed cylindrical moulin (Sim F, for “Fixed”) and with the
evolving moulin shape (Sim E, for “Evolving”). For the evolving moulin shape simulations, we run
the model without baseflow (sim EMa), and with baseflow (sims EMb, EMc, EMd, and EMe). For
the simulations with baseflow, we compare constant subglacial discharge and oscillating subglacial
discharge with a period of 1 day. For the constant subglacial input, we use 2 m3 s−1 (sim EMb) and
0.5 m3 s−1 (sim EMc) baseflow, and for the oscillating discharge we use a mean of 0.5 m3 s−1 with
a 0.2 m3 s−1 peak to peak amplitude oscillation synchronous with the peak meltwater input (sim
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EMd), or asynchronous with a 12 hours peak lag (sim EMe). Simulations made with the modeled
surface input are run starting at day 150, which provides a 50-day warm-up period. Finally, we run
three groups of simulations with idealized inputs: (1) for a range of surface inputs (sim EIa); (2)
for a range of baseflow (sim EIb), and (3) for a range of lags (EIc and EId). For those simulations,
we calculate the diurnal range of the simulated moulin head after equilibration of the oscillation
(Trunz et al., 2021).
Table 4.2: List of all the simulation names and parameters. Parameters are: initial subglacial
channel radius (rsc (t = 0)), moulin radius (rm ), surface input type (Qin ), mean surface input (Qin ),
peak-to-peak amplitude of surface input (Ain ), mean baseflow (Qbf ), peak-to-peak amplitude of
baseflow (Abf ), lag (φ ) between daily peak Qin and peak Qbf . We name the simulation (sim)
according to its broad type: with a fixed (F) or an evolving (E) moulin shape, and whether the
surface input is measured (M) or idealized (I). To specify individual simulations within these broad
types, we use lowercase letters (a, b, c, d, e).
Sim Fa
Sim Fb
Sim EMa
Sim EMb
Sim EMc
Sim EMd
Sim EMe
Sim EIa
Sim EIb
Sim EIc
Sim EId

4.5.3

rsc (t = 0)
shape
0.2
0.2
0.2
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6

rm
(m)
0.5
5
Evolving
Evolving
Evolving
Evolving
Evolving
Evolving
Evolving
Evolving
Evolving

Qin
Qin
(m3 s−1 ) (m3 s−1 )
Measured
—
Measured
—
Measured
—
Measured
—
Measured
—
Measured
—
Measured
—
Idealized
0 to 1
Idealized
0.15
Idealized
0.15
Idealized
0.15

Ain
Qbf
(m3 s−1 )
(m3 s−1 )
—
0
—
0
—
0
—
2
—
1
—
1
—
1
0 to 1
0
0.22
0 to 5
0.22
0.2, 0.5, 1, 1.5, 2
0.22
1 to 2

Abf
φ
(m3 s−1 )
(h)
0
0
0
0
0
0
0
0
0
0
0.2
0
0.2
12
0
0
0
0
0.22
0
0 to 0.44 0, 3, 6, 9, 12

Simulations with realistic inputs and comparison with field measurements of hydraulic
head
We simulate moulin water level with surface inputs (Fig. 4.5a) calculated using the melt

model (Sect. 4.4). We compare observations for simulations with non-evolving cylindrical shapes
(Fig. 4.5b-c), evolving moulin shape (Fig. 4.5d-e), and evolving moulin shape with an added baseflow (Fig. 4.5f-g, 4.6).
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Figure 4.5: Comparison of three different simulations of moulin hydraulic head and moulin shape
for the same surface input calculated with melt model and scaled with discharge measurements (a).
Simulations Fa, Fb: (b-c) Moulin shape is kept fixed with a radius of 0.5 m (left moulin and lighter
tone) and 10 m (right moulin and darker tone). This simulation illustrates that a large volume
is needed to reproduce realistic head amplitude. Simulations EMa: (d-e) Moulin shape evolves
with surface input. Simulated head plateaus are caused by head overflowing the model constraint
that prevents water from rising higher than the ice thickness. Simulation EMb: (f-g) Moulin shape
evolves and an added baseflow reduces range of head oscillation. (c,e,g) are cross-sectional profiles
of the moulin. Four different timesteps (represented by numbers in grey) are displayed in (e) and
(g).
Fixed moulin shape
For the fixed cylindrical shape simulations (simulations Fa and Fb), which are shown in
Figure 4.5(b-d), we are able to reproduce the equivalent amplitude of oscillations we observe in the
field (black line) with a moulin radius of approximately 5 m (represented with the darker tone). The
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resulting simulated subglacial channel cross-sectional area is smaller than 0.3 m2 , in contrast to the
300 m2 for the moulin cross-sectional area. On the other hand, fixed cylindrical simulations with a
smaller 0.5 m radius moulin (Fig. 4.5b-d, lighter tone), produce water level oscillations outside of
the range of the measured head amplitudes. In both cases, moulin head reaches a maximum at the
ice thickness until day 214 when the mean surface input stays high for a sustained period of time.
The surface input in the month that precedes day 200 is not large enough to preserve the initial
subglacial channel radius. Therefore, when the surface input starts to increase after day 200, the
system is overwhelmed until the subglacial channel can grow again to accommodate the increased
surface input.

Evolving moulin shape
Next, we show simulations (EMa) where we allow the moulin shape to evolve via creep deformation, elastic deformation, and wall melt (Sect. 4.4.2). This generates a moulin radius of ~0.5 m
(Fig. 4.5e), which is in the same order of magnitude as the subglacial channel width (Fig. 4.6f), but
produces head oscillation amplitudes about 6 times larger than the measured moulin head diurnal
range. In addition, the simulated water level regularly reaches the ice surface (500 m) after high
surface input events, similar to the fixed moulin shape simulations with a radius of 1 m.

Effect of baseflow on simulated hydraulic head
Finally, we run a simulation with subglacial baseflow (EMb-e). We find that a fixed 2 m3 s−1
subglacial baseflow (Sim EMb, Fig. 4.5f-g and Fig. 4.6b) significantly reduces the amplitude of
oscillation of the hydraulic head without changing the order of magnitude of the moulin radius at
the water level. If anything, the moulin radius tends to stay slightly (about 10 cm) smaller for the
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Figure 4.6: Comparison of (a) moulin hydraulic head, (b) moulin radius, and (c) subglacial radius
for simulations with the field-based surface input model, without subglacial baseflow (dotted grey)
and with 2 m3 s−1 subglacial baseflow (solid beige)
baseflow simulation than without. This is because the water level stays above overburden pressure
for long periods of time in the no-baseflow simulation, decreasing the impact of creep and elastic
closure. However, while the general diurnal range of moulin head is reproduced, the simulated head
does not match exactly with the measured head. Some of this discrepancy can come from (1) the
melt model limitations in reproducing particular weather conditions, (2) subglacial lake drainage
events (for example between days 205 and 210 (Mejia et al., 2021b)), or (3) from the fact that we
use a constant value of baseflow, whereas subglacial flow conditions likely evolve throughout the
season.
In Figure 4.7 we show the results for simulations with various baseflow types (Sim EMc-e).
We find that oscillating baseflow, if timed with the surface meltwater input peak (Sim EMd), will
produce larger head amplitude than if the baseflow is fixed (Sim EMc). Additionally, we find that
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Figure 4.7: Comparison of different subglacial baseflow scenarios and their impact on moulin
hydraulic head simulation for the moulin. (a) Modeled surface input and subglacial baseflow cases
used for simulations. (b) Moulin hydraulic head simulation for a mean baseflow of 1 m3 s−1 with
both constant baseflow (EMc) and oscillating baseflow (EMd) with a peak to peak amplitude of
oscillation of 0.22 m3 s−1 . (c) Moulin hydraulic head amplitude with a constant baseflow of 2 m3 s−1
(EMa) and with oscillating baseflow of 1 m3 s−1 with peak to peak amplitude of 0.22 m3 s−1 and a
12 hour lag (EMe). Measured head is in black and simulated head without baseflow is in dotted
grey
baseflow of different magnitudes (0.5 and 2 m3 s−1 ) can dampen the hydraulic head amplitude in a
similar way, if a lag (Sim Eme) is added to the smaller input (Fig. 4.7).

4.5.4

Simulations with idealized inputs
Here, we quantify the relative impact of surface input (Sim EIa, Fig. 4.8a), baseflow magni-

tude (Sim EIb, Fig. 4.8b), and the lag in peak intensity between the baseflow and surface input (Sim
EIc, Fig. 4.8b) on the hydraulic head oscillation dynamics. We use an idealized sinusoidal surface
meltwater input and baseflow (Sect. 4.4) that enables us to control and compare the magnitude and
amplitude of oscillations of both the inputs and the simulation outputs.
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In Figure 4.8a–b, we add the values of Ah and A∗in measured for JEME, and simulated
without baseflow (EMa). We plot the mean as a red dot, and bars for one standard deviation from the
mean. This enable comparison between the simulations made with idealized inputs and simulations
made with the modeled inputs as well as field measurement. To calculate the mean and the standard
deviation, we extracted Ah in the simulations EMa and EMb, the measured amplitude of head
oscillation, and the modeled oscillation amplitude of the surface input.
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Figure 4.8: Simulations with idealized surface inputs. Diurnal range of moulin head (Ah ) as a
fraction of ice thickness, plotted against (a) normalized diurnal range of the surface input (A∗in ),
(b) mean subglacial baseflow (Qbf ) divided by the measured mean surface input (Qin,meas ), and (c)
lag between peak surface input and peak baseflow. Because the head cannot flow above the ice
thickness, head oscillation amplitudes larger than 53% of the ice thickness are capped, producing
a change of slope. (The location of this elbow is dependent on ice thickness; for H=500 m it is Ah
∼0.53.) Red dots are values of Ah and A∗in measured for JEME, and from the simulation (EMa)
without baseflow simulations. Brackets represent variability one standard deviation from the mean.
Pink shaded zone represent the range of realistic Ah .

In Sim EIb and EIc (Fig. 4.8b-c) we use a surface input in the range of what we observe
for the instrumented moulin, with a mean discharge of 0.15 m3 s−1 and a peak to peak amplitude
of 0.22 m3 s−1 . The mean measured peak to peak head amplitude for the moulin during the middle
of the melt season is about 10% the ice thickness, and the mean simulated head with the modeled
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surface input, without baseflow, and without the ice surface threshold (see Methods Sec. 4.4) is in
the range of 60% the ice thickness, 6 times larger than the measured head amplitude.

Effect of normalized diurnal range of surface input on simulated head
First we look at how the oscillation amplitude of the hydraulic head is affected by the normalized diurnal range of the surface input A∗in (Sim EIa Fig. 4.8a). We simulate the moulin hydraulic
head amplitude with random values of mean meltwater input and peak to peak amplitude ranging
from 0 to 1 m3 s−1 (Table 4.2), and ice thickness of 500 m, similar to the ice thickness at our field
site. We find that when normalized with the mean discharge, the diurnal range of surface meltwater input strongly influences the simulated relative head amplitude (Ah ). For A∗in ranging from
0 to 0.3, the resulting Ah ranges steadily increase with increased A∗in . After that, the increases in
Ah are slower for similar increments of A∗in . This is because when the head diurnal range is larger
than 53% of the ice thickness, it reaches the surface during peak head, and any increases in the
amplitude of head oscillations are due to lower minimum head values. The position of the change
of slope (elbow) depends on the ice thickness and the position of the equilibrium head. The moulin
water level oscillates around the equilibrium head. The distance between the equilibrium head and
the ice surface determines the half amplitude of oscillation of the head before it gets capped. We
compare simulation results using an idealized surface input with the modeled surface input A∗in and
the Ah simulated without baseflow and measured in the field (red dots with one standard deviation
bars). We can see that the simulations without baseflow predict a mean hydraulic head diurnal
range of 60% of the ice thickness, while field observations show oscillations over just 10% of the
ice thickness.
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Effect of constant baseflow on simulated head
Next, we test the effect of steady baseflow (with no oscillation) on the moulin head amplitude (Sim EIb, Fig. 4.8b). We run simulations with idealized surface input in the range of the
field input, with a peak-to-peak amplitude of oscillation of 0.22 m3 s−1 and a mean discharge of
0.15 m3 s−1 . We find that, in order to reduce the head oscillations into a realistic range (Sim EIb
Fig. 4.8b), a constant baseflow of at least 8 times the mean surface input is required. When the
baseflow is larger than 5 times the mean meltwater input, we observe a much smaller change in
head amplitude. To reproduce the observed diurnal range for our simulation with modeled surface
input we used a constant baseflow of 2 m3 s−1 (Sim EMb), which is about 14 times the mean surface
input (red dot). However, the simulation results EIb in Figure 4.8b show that beyond 8 times the
mean surface input, the diurnal range in head is less sensitive to increases in baseflow.
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Figure 4.9: Correlation between baseflow amplitude of oscillation (Abf ) relative to the measured
meltwater amplitude of oscillation(Ain,meas ) and percent of the moulin hydraulic head amplitude
simulation without baseflow lag.
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Effect of baseflow lag on simulated head
Finally, we test the effects of an oscillating baseflow on the time evolution of the head.
We experiment with different magnitudes and phases of oscillation relative to surface input Qin
(Fig. 4.8c and Fig. 4.9).
In Figure 4.8c, we show the diurnal range in head with a surface input similar to that observed in the field and add an oscillating subglacial baseflow with the same amplitude of oscillation
(0.22 m3 s−1 ) as the surface input. We vary the mean subglacial baseflow from 0.2 to 2 m3 s−1 with
lags from 0 to 12 h. We can see that you need a baseflow at least triple the mean surface input to
dampen the head oscillation to the observed range, with a 12 h lag. On the other hand, if we have
a baseflow 15 times larger than the mean surface input, 6 h lag is sufficient to dampen the head
oscillation to a reasonable range.
In Figure 4.9 we investigate the damping of the diurnal head range for five different lags
from 0 to 12 h. The moulin head amplitude of oscillation Ah , is represented in percent of Ah when
simulated without lag, for the same input parameters. The moulin head oscillation decreases at
different rates for different lags, until the amplitude of oscillation of the baseflow, Abf , equals the
measured amplitude of oscillation of surface input, Ain,meas . When Abf is larger than Ain,meas the
head oscillation amplitude is controlled by the amplitude of baseflow oscillations, and this is why
we observe an increase in Ah for increased Abf /Ain,meas above 1. We can also see that when the
baseflow and the meltwater amplitude and magnitude are the same and perfectly out of sync, then
the head amplitude loses 100% of its original amplitude. A lag of 6 h, with Abf at least half of
Ain,meas reduces the moulin head amplitude by 30%.
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4.6

Discussion

In this study, we provide the first comparison of modeled hydraulic head in a shape-evolving
moulin to direct field measurements in Greenland. This enables us to scrutinize the relative roles of
measured surface meltwater input and hypothesized subglacial water fluxes on the measured head.
From this comparison, we infer general traits of regional subglacial connectivity.

4.6.1

Potential controls on the diurnal range of moulin hydraulic head
We identify three potential controls on the diurnal range of moulin hydraulic head: (1) the

normalized diurnal range of the surface meltwater input, (2) the shape of the moulin in the head
oscillation range, and (3) the connectivity of the channelized system. We discuss each of these
potential controls in the subsections below.
Table 4.3: Normalized diurnal surface input and its constituent properties, mean input and range
of amplitude observed at supraglacial streams on the Greenland Ice Sheet
Qin
Ain
A∗in
3 −1
3 −1
Study
(m s )
(m s )
(–)
Muthyala et al. (2020) ~0.3
~0.3 – 0.6
1–2
Marston (1983)
~0.08
~0.1 – 0.2
1.2 – 2.5
McGrath et al. (2011)
~0.2
~0.3 – 0.51 1.5 – 1.7
Chandler et al. (2013)
~2
~3.5 – 5
1.7 – 2.5
Smith et al. (2017)
~15
~15 – 20
1 – 1.3
This study
~0.15 ~0.15 – 0.3
1–2

Effect of surface input
Our simulation results in Figure 4.8a show that smaller values of A∗in than observed in the
field are required to produce moulin head oscillations in the measured range. However, measurements of supraglacial discharge elsewhere around Greenland (Muthyala et al., 2020) show normalized diurnal range of the surface input A∗in from 1 to 2.5 (Table 4.3), similar to what we find at our
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site (A∗in from 1 – 2). This compilation of measurements shows that the daily oscillation of surface
input is usually larger than, and generally at least comparable to, the mean discharge in supraglacial
streams entering moulins.
We find only a weak relationship between the raw amplitude of input (Ain ) and the head
oscillation amplitude (Ah ), in agreement with Covington et al. (2020). However, we do find a clear
relationship between the normalized amplitude of input A∗in and Ah (Fig. 4.8a). More specifically,
we find that it is the diurnal range of surface input in relationship to the mean surface input (A∗in ,
Sec. 4.4.1) that influences the hydraulic head diurnal range, and not the value of the amplitude of
oscillation of the surface input itself.
Simulation of moulin water level using the field-observed normalized diurnal range of surface input, A∗in , produces extremely large diurnal ranges in head (Sim EMa, Fig. 4.5d). A more
variable forcing produces a stronger response in head oscillations, which overwhelm the model.
Similar simulation behavior was observed in other studies (Bartholomew et al., 2012; Cowton et
al., 2016; Werder et al., 2010). Because of the uncertainty of the moulin size, reduction in hydraulic head variability can be obtained by varying the moulin size. Indeed, for the same surface
input forcing, larger moulin volumes will produce more damped oscillations than narrower moulins
(Trunz et al., 2021).

Effect of moulin shape
Previously, moulin sizes and shapes were poorly constrained. In our case, these are determined by the MouSh model, which predicts a moulin cross-sectional area (∼ 0.3 − 0.5 m2 ) of
the same order of magnitude as the subglacial channel (∼ 0.2 − 1 m2 ). Knowing the moulin size
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and shape allows us to isolate the impact of surface input variability on moulin head oscillation
amplitudes.
Moulin storage volumes could absorb the high surface input variation (Covington et al.,
2020; Trunz et al., 2021), but the cross-sectional areas would have to be two orders of magnitude
larger than predicted by the MouSh model and observed at the surface (Fig. 4.1e). The MouSh
model predicts a moulin with a diameter on the order 1 m, with a slight hourglass shape, and with
a narrower radius at the water level. This is because forces closing the moulin are highest at the
moulin water level. Therefore, moulin size is not enough to understand damping effect of subglacial
water pressures (Werder et al., 2013). However, some amount of storage capacity in the upper part
of the moulin could be underestimated by the MouSh model. Indeed, while we expect the MouSh
model to perform well in the submerged portion of the moulin, the model might not accurately
reproduce melting produced by the water fall in the air-filled portion of the moulin.
The MouSh model does not account for potential subsurface storage connected to the moulin.
Subsurface storage has been used to dampen head oscillations in other models via various methods.
For example, Bartholomew et al. (2011) use a circular reservoir with a radius 80 times larger than
the moulin to temporarily store the water and prevent overflow. Because we have measurements
of the surface input in the stream just before the entrance of the moulin, we can discard any type
of surficial storage in the weathering crust (Cooper et al., 2017). Hoffman et al. (2016) simulate
moulin water level measured in the same area and assume that when the moulin head is above
60 m below the ice surface, the water is stored in crevasses or fractures and then slowly released
back in the moulin. In our case, moulin water level never reaches this height. Crevasses within the
field area are unlikely to be sufficiently open at the required depths in order to provide the needed
storage. Given how small the width of the fractures are at the surface (in the centimeter scale),
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if we compare the width:depth aspect ratio to the estimated material properties of ice and stresses
at the field site, we expect that for our area the crevasse depth will be around 10 m, but no more
than 100 m (Poinar et al., 2017). Therefore likely preventing hidden storage space in crevasses that
could intersect the moulin at our location. This is especially true given that the highest water level
recorded in the moulin is below 100 m depth.
While large subsurface storage capacity is unrealistic in our case some moulins have displayed increased volumes deeper below the surface. A nearby explored moulin (Covington et al.,
2020), located 4 km downstream of our site with a surface input 10 times larger than JEME moulin
showed that the top 100 m of this moulin is roughly 5 m radius. This is two times larger than at
the surface or below the water level (2.5 m radius), which is not enough to explain the damping of
observed head oscillations. In addition because the moulins were explored after the melt season,
the water level had risen above the likely summer oscillation range. This adds uncertainty whether
these observed volumes are representative of summertime volumes within the height range of head
oscillation.
Similar models have dealt with extreme water level fluctuations produced by the large normalized diurnal range of surface input observed in the field by using larger moulin volumes. On an
alpine glacier, Werder et al. (2010) and Schuler and Fischer (2009) used a moulin radius 2-3 times
larger than estimated and Clarke (1996) used a lumped model with several reservoirs to simulate
damped oscillations. Overflowing and overpressurization of the subglacial system is not unique
to single subglacial models. Larger values of englacial void ratios (Downs et al., 2018; Werder
et al., 2013) or subsurface temporary storage (Hoffman et al., 2016) are often required in models to
prevent overflowing or overpressurization of the subglacial system. Considering a moulin density
at our site of 10 moulins per 3 km2 (Mejia, 2021), and assuming a conservatively large 1 m moulin
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radius, we obtain an upper-bound englacial void ratio of 1×10−5 . This is one or two orders of
magnitude smaller than the 1×10−4 to 1×10−2 used in other studies (Downs et al., 2018; Hewitt,
2013; Werder et al., 2013), although our calculation only considers moulin storage.

Effect of a subglacial channel network
While larger storage in the moulin or connected to the moulin and not predicted by the
MouSh model could dampen the simulated head, there is not an indication that there is a large
enough storage to explain the measured head oscillations. The introduction of subglacial baseflow,
however, can reduce the head diurnal range. For an isolated single subglacial channel, the crosssectional area predicted by the simulations without baseflow is too small (0.05 m2 ) to have enough
discharge capacity to evacuate the water when the water level starts to increase at the beginning
of the next melt day, which has the result of filling the moulin until it overflows (Fig. 4.6). On
the other hand, once the discharge in the stream starts decreasing, the surface input is soon too
small to keep the water level high enough in the moulin, as the water is rapidly evacuated from the
moulin before the subglacial conduit can close. Rapid creep closure under the resulting low heads
again produces a small subglacial channel cross-sectional area that gets overwhelmed during the
next melt day, since the moulin is not voluminous enough to store the excess water. We find that
increasing the volume of water draining through the subglacial channel can increase the subglacial
channel cross-sectional area and make the subglacial channel discharge capacity more resilient to
abrupt changes in surface input, while preventing the head from dropping when the surface input
reduces. Thus, introduction of baseflow is the simplest explanation for the observations. Next, we
speculate and analyze possible origins of this hypothetical baseflow. Our foremost hypothesis is
that this additional water circulating through the subglacial channel could come from the subglacial
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network connectivity, where moulins are connected to other moulin inputs through an arborescent
system of subglacial channels (Davison et al., 2019).

4.6.2

Subglacial network connectivity and conceptual idea of baseflow
In the MouSh model, we implement baseflow as a direct addition to the subglacial channel

directly upstream of the moulin. This is a first-order representation of the subglacial modification
necessary to make the moulin hydraulic head oscillation agree with field data (Fig. 4.7). In reality,
the moulin initiates the subglacial channel, which follows the path of least resistance (Gulley et
al., 2012) to a higher-order subglacial channel. Because multiple moulins feed this higher-order
subglacial channel, the discharge in this channel will be larger than what enters our moulin. This
channel carries the baseflow, preventing the moulin head from dropping when the surface input is
minimized and keeping the subglacial channel large and able to evacuate the fast daily increase in
surface input.
Figure 4.10 shows a simplified conceptualization of the network connectivity providing the
baseflow. The pressure in the higher-order channel will be controlled by all the moulins feeding
it upstream. If the water pressure in the moulin exceeds that in the higher-order channel, water
will evacuate the moulin through the tributary. If the water pressure in the moulin is lower than in
the higher-order channel (for example, when the moulin head is at its nightly low, but the higherorder channel is steadily evacuating a large amount of water), this would temporarily reverse the
hydraulic gradient and provide water input into the first-order tributary channel, preventing the
head from dropping in the moulin during low surface inputs.
Cowton et al. (2016) show that flow in a higher order (trunk) channel prevents the head
from dropping when input decreases. They use a moulin with a radius of 1 m and the surface input
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Figure 4.10: Subglacial network connectivity illustrated by a dendritic subglacial channel system
(dark blue), initiated by moulins forming tributaries connected to higher order channels.
is in the same order of magnitude as the one we use for the simulations. They back-calculate the
water pressure at the junction between the tributary and trunk channel using the measured proglacial
discharge. Although in their simulation, they only allow flow in the direction from the moulin to the
trunk channel, a junction position at relatively similar altitude would allow the trunk water pressure
to be higher during daily low inputs in the case of a sustained or lagged trunk discharge. Measured
normalized diurnal water output ranges at glacier outlets (Bartholomew et al., 2012; Cowton et al.,
2016) are on the order of 0.1 to 0.5, suggesting that higher order channel diurnal pressure range is
damped by the network connectivity. Unfortunately, the uncertainties in the position of the junction
at our site, as well as in the values of water pressure at this junction, prevents us from using a similar
approach. We therefore focus on quantifying the additional amount of discharge in the tributary
channel or the lag necessary to produce diurnal head variation in the measured range.
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Our simulation results show that both a large and constant baseflow or an oscillating baseflow with a peak that is lagged in comparison to the peak moulin head can dampen the diurnal range
of head in the moulin. With both the surface input and moulin shape constrained in our modeling
setup, we find that a constant subglacial baseflow of 2 m3 s−1 , nearly 15 times larger than the mean
surface input (Sim EMb), or a 1 m3 s−1 oscillating baseflow (Sim EMe) with half the amplitude of
oscillation of the surface input, decreases the moulin hydraulic head amplitude of oscillation to the
observed range.
At our study site, we anticipate the discharge in the higher-order subglacial channel connecting to the instrumented moulin to be relatively constant, given the large range of surface input
lags and magnitudes in our area (Mejia et al., 2021a). This is consistent with Sim EMb. We observed at least ten other moulins in a 1 km radius around the moulin in 2017 and 2018 (Mejia,
2021) with relatively small drainage basins (<1 km2 ; these all likely feed a common higher-order
channel). Inputs from these surrounding moulins with similar drainage basin size will increase
the discharge in the higher-order subglacial channel and produce a similar baseflow diurnal range.
Moulins further upstream, where drainage basins can be larger due to thicker ice and lower surface
gradients (Yang & Smith, 2016), likely also feed the same channel. These moulins will dampen
oscillations in the subglacial baseflow by adding lagged discharge to the higher-order channel. This
would be consistent with Sim EMe.
For moulins higher up on the ice sheet, where the moulin density is much smaller (Mejia,
2021; Phillips et al., 2011; Poinar et al., 2015), the flow in the higher-order subglacial channel
might not be large enough to explain the hydraulic head damping (Sim EMb). Instead, the lag in
surface input from one moulin to another may produce the required baseflow properties (Sim EMe).

142

The highest-elevation moulin in the ablation zone will still have dampened head oscillations due
to the interference of diurnal inputs through other moulins downstream.
Finally, a recent study shows that fast subglacial water flow velocities recorded with tracer
tests require additional non-local source of subglacial flow (Chandler et al., 2021). This is consistent with our simulation results.

4.6.3

Potential external source of baseflow
Discrete moulin inputs are necessary for initiating and sustaining efficient subglacial drainage

(Dow et al., 2014). While the damping of the hydraulic head for a single moulin can be attributed to
its subglacial network connectivity with other moulins we consider here other potential non-local
sources of water.
Previous studies found potential water stored in the englacial and subglacial system that
could provide for seasonal or year round infiltration of meltwater upstream of our moulin (Chu et
al., 2016; Poinar et al., 2019; Rennermalm et al., 2013). This could provide for additional meltwater
input down glacier and sustain larger subglacial conduits, even for moulins at the upstream edge
of the ablation area.
Part of the subglacial meltwater is also produced at the base of the glacier. The geothermal gradient representative of western Greenland is ∼50–60 mW/m2 , which produces basal melt
rates on the order of 1 to 10 cm/a (Downs et al., 2018; Fahnestock et al., 2001). We estimate that
our studied moulin drains an upstream subglacial catchment of ∼2000 km2 , based on subglacial
drainage basins calculated by Mankoff (2020) and the local basal melted–frozen boundary estimated by Poinar et al. (2015), which gives a total basal melt flux up to 6 m3 /s. This is the same
order of magnitude as the subglacial baseflow we require in our simulations (2 m3 /s, Sect. 4.5.3).
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However, the 6 m3 /s number is an upper bound because it assumes that all basal melt reaches the
subglacial channel system connected to our moulin. In reality, before it can make it to the subglacial channel system, some portion of this available basal melt is stored in the inefficient portion
of the drainage system or delayed by travelling through the linked cavity system (Andrews et al.,
2014; Kingslake & Ng, 2013) of the weakly connected drainage system or lost through the bed to
the groundwater system. At the same time, this will be compensated by surface meltwater inputs
from moulins upstream of our moulin, which provide additional meltwater to the basal system. We
expect the surface water sources feeding the higher order subglacial channels to be larger than the
basal melt lost to the inefficient / groundwater systems.

4.7

Conclusion

Comparison of field data with moulin shape and head simulations produced using the new
MouSh model coupled to a single subglacial channel shows that the moulins inland on the Greenland Ice Sheet require larger amounts of water to keep their tributary subglacial channels large
enough to accommodate the observed wide diurnal range of surface input. This additional water
can be explained by a strong connectivity of the moulin and its subglacial channel (the tributary)
to a network of subglacial channels fed by other moulins. The observed diurnal range of hydraulic
head inside a moulin has to be explained not only by local constraints (surface input, moulin size
and local ice sheet properties) but also by non-local controls provided by other water inputs. This
network connectivity or non-local control on moulin hydraulic head and local basal water pressure suggests a complex behavior that could impact the ice motion response to future increases in
meltwater input. Such dynamics need to be explored in discretized ice sheet and glacier models.
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4.8

Code and data availability

Moulin JEME hydraulic head data can be found on the Arctic Data Center website at

doi:10.18739/A2M03XZ13. Meteorological data used for in the melt model can be found at doi:10.18739/A2CF9J7
Model simulations were produced with the Python version of the MouSh model (pyMouSh) can be
found on github.com/cctrunz/CodeRepo_MoushBaseflow_paper
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5

Conclusions

Moulins are the main pathway for surface meltwater to reach the bed and influence the ice
motion (Das et al., 2008). Yet, knowledge regarding moulin geometry, formation, and life span is
still sparse. As a result, moulins are often approximated by a cylinder (e.g. Banwell et al., 2013;
Covington et al., 2020; Cowton et al., 2016) and thought to be active for many years (Catania &
Neumann, 2010). In this dissertation, I use simple physically based mathematical models, along
with field measurements and observations, to demonstrate how moulin geometry and connectivity
to the subglacial drainage system impacts the relationships between surface meltwater infiltration
and ice motion.

5.1

Geographical occurrence of moulins

With field observations of moulins and measurements at our ”Low Camp” on the Avannarleq glacier in the Pâqitsoq region in Greenland, we find quasi-systematic yearly reformation of
new moulins in similar geographical locations, especially for moulins situated at the down-flow
edge of a small basin, where the ice elevation starts increasing again. At both our ”High Camp”
(Mejia, 2021) and ”Low Camp” areas we find no direct evidence of moulins being advected and
reactivated over several years (Andrews, 2015; Catania & Neumann, 2010) by the same drainage
system. However, at the ”High Camp” area, which is flatter than the ”Low Camp” area, Mejia
(2021) did find some reoccupied moulins due to extreme re-routing of supraglacial streams.
Previous studies identifying moulins used only remote sensing to determine moulin positions. For Digital Elevation Models calculated in the portion of the ice sheet that does not have
landmarks, there are errors in the absolute geographic position of the DEMs year after year. Such
152

errors can produce hundreds of meters of offset (Menio et al., 2017) and may produce misleading
interpretations of moulin position and how they change over time. Indeed, more precise georeferencing of satellite imagery and comparison of moulin formation positions would shed light on
how widespread the observed systematic yearly reformation of moulins is across the ice sheet. If
moulins are found year after year in a radius smaller than the distance advected by the ice, this
would mean that brand new moulins are initiated yearly at the same location.
If new moulins reopen every year at the same location, this could have implications for the
subglacial drainage system. For example, if instead of being advected, the tributary channel initiated by a moulin and connected to a higher order subglacial channel reforms at the same geographic
position, a combination of both Nye channels and Röthlisberger channels could occur. It is not impossible that the water could erode a more permanent path in the rock or the sediments (Bougamont
et al., 2014) if the water systematically flows each year through a similar path. Once a partial Nye
channel is installed, then this provides a constant preferential path for the water to exit the moulin
and flow to the higher order channel before it starts enlarging by melting the ice and creating an
hybrid channel. Abandoned moulins stay water filled and advect down glacier. It is unclear what
will happen with the relict subglacial channel. If perpendicular to the flow of the ice, the subglacial
channel is likely to creep closed completely. If parallel to the flow, the subglacial channel might
not close completely and may reactivate the next year, enabling the abandoned moulins to stay
connected with the rest of the subglacial system.
Finally, we identified that the moulin density estimated with remote sensing is likely underestimated. In general, more investigation is required to see whether the moulin reformation and
density underestimation we observed in this study is more widespread across the ice sheet.
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5.2

Moulin shape influence over water level fluctuations

We simulated head fluctuations in moulins with simple physically based models of subglacial channel creep and closure (Covington et al., 2020), coupled to a reservoir, and we explored
the hypothetical response of moulin water level to a variety of fixed moulin geometries. On the
other hand, we used a recently developed Moulin Shape (MouSh) model to simulate the geometry and water level fluctuations of one of our instrumented moulins and infer subglacial drainage
properties.
Moulin head simulations with various fixed geometries demonstrated that the shapes of the
moulins can affect the head dynamics and that the moulin volume localized around the equilibrium
head is the main control on the temporal pattern of head oscillations. More specifically, the size of
the moulin at and around the equilibrium head position controls the amplitude of the oscillations,
while the shape of the moulin controls the shape of the peaks and troughs in water level. We
show that the englacial void parameter, used to account for englacial storage in glacial hydrological
modeling, can be quantified by moulin volumes at and around equilibrium head (dynamic storage),
and not by the overall volume of water held in moulins within a glacier (static storage). In addition,
we find that the dynamic storage of moulins dictates the magnitude of subglacial pressure increases
associated with short-term perturbations in supraglacial runoff. The presence of large voids just
above the equilibrium head position can strongly dampen the head oscillation amplitudes, even
if the rest of the moulin has a relatively small diameter. Such small amplitude oscillations may
inhibit the growth of connectivity within the surrounding weakly connected bed and potentially
reduce the mid-to-late-season ice sheet slow down caused by sustained large meltwater inputs to
the bed. Future modeling or mapping of moulins would enable better constraints on realistic ranges
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for dynamic storage within moulins and the controls on that storage, and therefore would improve
understanding of the impact of meltwater on ice motion.
The moulin shape and head simulations produced with evolving geometry and forced using
field data, show that large amount of subglacial water is required to keep the tributary between
the moulin to a higher order subglacial channel large enough to accommodate the observed wide
diurnal range of surface input. We explain this additional subglacial input by the presence of a
strong connectivity of a network of moulins through the subglacial channels. We suggest that
in addition to local controls (surface input, moulin size and local ice sheet properties), non-local
controls provided by surrounding or upstream surface inputs play a strong role in mediating the
diurnal range of moulin hydraulic head. This network connectivity or non-local control on moulin
hydraulic head and local basal water pressure could impact the response of ice motion to future
increase in meltwater inputs.
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